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The Connection from Cortical Area V1 to V5: A Light and Electron
Microscopic Study
John C. Anderson,1 Tom Binzegger,1 Kevan A. C. Martin,1 and K. S. Rockland2
1Institute for Neuroinformatics, 8057 Zürich, Switzerland, and 2University of Iowa Hospitals and Clinics,
Iowa City, Iowa 52242
Area V5 (middle temporal) in the superior temporal sulcus of
macaque receives a direct projection from the primary visual
cortex (V1). By injecting anterograde tracers (biotinylated dex-
tran and Phaseolus vulgaris lectin) into V1, we have examined
the synaptic boutons that they form in V5 in the electron
microscope. Nearly 80% of the target cells in V5 were spiny
(excitatory). The boutons formed asymmetric (Gray’s type 1)
synapses with spines (54%), dendrites (33%), and somata
(13%). All somatic targets and some (26%) of the target den-
dritic shafts showed features characteristic of smooth (inhibi-
tory) cells. Each bouton formed, on average, 1.7 synapses. The
larger boutons formed multiple synapses with the same neuron
and completely enveloped the entire spine head. On most
dendritic shafts and all somata the postsynaptic density en face
was disk-shaped but in about half the cases the reconstructed
postsynaptic densities of synapses on spines appeared as
complete or partial annuli. Even in the zones of densest inner-
vation only 3% of the asymmetric synapses were formed by the
labeled boutons. Although the V1 projection forms only a small
minority of synapses in V5, its affect could be considerably
amplified by local circuits in V5, in a way analogous to the
amplification of the small thalamic input to area V1.
Key words: visual cortex; area MT; corticocortical; synapse
morphology; postsynaptic target; 3-D reconstruction
The best-studied extrastriate area is that first discovered by Zeki
(1969), who used anatomical methods to define an area in the
posterior bank of the superior temporal sulcus in macaque mon-
key that received an input from area 17. The homologous area in
the new-world monkey is the middle temporal area (MT) (All-
man and Kaas, 1971). From the earliest recordings, it was evident
that the neurons of this area, now called MT or V5, were partic-
ularly sensitive to the direction and velocity of motion of the
stimulus (Dubner and Zeki, 1971).
There are both direct and indirect projections from V1 to area
V5 (Zeki, 1969; Ungerleider and Mishkin, 1979; Maunsell and
Van Essen, 1983; Fries et al., 1985). The neurons that project
directly from V1 have been identified as spiny stellates and
pyramidal cells in layer 4B and large pyramidal cells in upper
layer 6 (Lund et al., 1975; Shipp and Zeki, 1989). Their afferent
axons form large boutons in a patchy distribution in layers 3, 4,
and 6 of V5 (Rockland, 1989, 1995). The receptive fields of the
V1 neurons that project to V5 have also been studied. The
projecting neurons were identified by antidromically activating
them from V5 (Movshon and Newsome, 1996). They had fast-
conducting axons and all were binocular, complex cells, with
high-contrast sensitivity and contrast-independent direction pref-
erences. They responded at least as well to short stimuli as to long
stimuli. Such complex cells are referred to as special (Palmer and
Rosenquist, 1974) and have the largest receptive fields, the high-
est velocity preference, and the highest spontaneity of striate
cortical cells (Gilbert, 1977). This degree of uniformity in physi-
ological properties seems to indicate that MT uses this output
from V1 for further stages of specific processing. Movshon and
Newsome (1996) suggested that these V1 neurons form the first
stage of motion processing, in which the motion of the individual
components of a pattern is extracted (Adelson and Movshon,
1982; Movshon and Newsome, 1984). The second stage occurs
outside V1, in areas such as V2 and V5, where the motion of the
entire pattern is computed.
If the V1 output to V5 is blocked, by making lesions or cooling
V1 or blocking the magnocellular pathway, some activity persists
in V5, but it is greatly diminished from normal. Although these
experiments do not distinguish between the direct and indirect
projection from V1 to V5, it is likely that the output from V1 is
significant for V5. Anatomically, however, the picture is unclear.
As yet there are not even qualitative estimates of the numbers of
synapses involved in the V1 to V5 projections. In the present
study we assessed the synaptic connections formed in V5 by the
V1 projection neurons. Although the manner of connection of the
V1 afferents to neurons in V5 was morphologically distinct,
quantitatively they formed only a few percent of the synapses
within their major termination zones in V5.
MATERIALS AND METHODS
The materials examined in this study were obtained from two adult
Macaca mulatta monkeys in the laboratory of K.S.R. (University of Iowa
Hospitals and Clinics). The monkeys were prepared for surgery with a
premedication of ketamine (11 mg/kg). Surgery was performed under
deep anesthesia induced by intravenous delivery of Nembutal (25 mg/kg)
and supplemented as required. All procedures were performed under
sterile conditions in accordance with institutional and federal guidelines
as specified in approved Animal Care and Use Research Forms.
One animal received a single microinjection of 10% biotinylated
dextran amine (BDA) (Molecular Probes, Eugene, OR) in 0.0125 M PBS
into cortical area V1. The second animal received a similar microinjec-
tion of BDA and a second injection of 2.5% Phaseolus vulgaris leucoag-
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glutinen (PHA-L) (Vector Laboratories, Burlingame, CA) in 10 nM
phosphate buffer (PB) (see Fig. 1). Each injection was !0.5 !l. After an
18 d survival period the animals were anesthetized and perfused tran-
scardially with a solution of paraformaldehyde (4%) and gluteraldehyde
(0.25%) in saline, followed by sucrose solutions of 5, 10, and 15% in 0.1
M PB. After the brain was removed from the skull, a block of tissue
(!15 mm in dorsoventral extent) was trimmed through the superior
temporal sulcus (STS) intended to include cortical area V5 or MT. The
selected block of cortex was bisected and vibratome-sectioned in the
horizontal plane at 50 !m. Sections were collected in 20% sucrose in
PB and kept overnight in the refrigerator. Sections were then immersed
in liquid nitrogen for rapid freezing as a way of promoting penetration.
After thawing, the sections were processed according to a Vector
ABC kit (Elite) protocol to visualize labeled axons. We used 3, 3-
diaminobenzidene tetrahydrochloride (DAB) to reveal peroxidase
activity. For tissue injected with BDA, this followed 24 hr in ABC
solution. For PHA-L-injected tissue, this followed 2 d in anti-PHA-L
(1:2000) and repeated 70 min steps through secondary antibody and ABC
solutions. Selected sections were treated with a 0.5–1% osmium tetroxide
solution in 0.1 M PB. Dehydration through an ascending series of alcohols
(including 1% uranyl acetate in the 70% alcohol) and propylene oxide
preceded flat mounting in Durcupan (Fluka ACM, Buchs, Switzerland)
onto glass slides.
The labeled axons were reconstructed by light microscopy. Regions of
special interest were photographed and re-embedded for correlated
electron microscopy (EM). Serial ultrathin sections were cut at 70 nm
thickness and collected on Pioloform-coated single-slot copper grids.
Labeled profiles were photographed at 21,000" magnification. The clas-
sification of synapses as symmetric or asymmetric was made on the basis
of conventional criteria (Gray, 1959; Colonnier, 1968). The presence of
reaction product in the presynaptic bouton obviously compromises the
visibility of the presynaptic membrane. However, the unlabeled boutons
in the adjacent neuropil indicated marked differences in the thickness of
the postsynaptic density of symmetric and asymmetric synapses (see Fig.
4). This allowed us to make definitive classifications of the synapses
formed by labeled boutons. Serial electron micrographs of labeled syn-
aptic boutons were digitized and reconstructed using an in-house com-
puter system (Trakem). From the digitized and reconstructed data, we
measured structures such as postsynaptic specializations and bouton
area. Trakem generates a series of wire frame profiles, which gives a
three-dimension (3-D) impression. The “object” can be rotated to offer
different views of synapses. We enhanced this effect by fitting a skin to
the digitized structure and then rendering the surface. The skin fitting
used Nuages (B. Geiger, 1996), and the rendering used Geomview and
Blue Moon Rendering Tools (L. Gritz).
To reconstruct and measure the area of postsynaptic densities of
labeled boutons in 3-D, we developed our own computer software. A
semiautomated process first grouped the serially sectioned components
of synapses. The postsynaptic surface was represented as a 3-D grid that
was created by interpolating points between the components. The area
was measured by summing the areas of the triangles that appeared
between the interpolated points. To represent the reconstructed synapses
in two dimensions, we selected an appropriate plane on which to project
each synapse.
We used the physical disector method of Sterio (1984) to obtain a
stereological estimate of the percentage of labeled synapses in area MT.
Serial ultrathin (70 nm) sections were cut and collected as above. Ref-
erence and look-up sections were separated by one intervening section.
Each section was photographed in the EM at 11,500". Only those
synapses that appeared in the reference section but not in the look-up
section were counted here.
RESULTS
Light microscope observations
Pressure injections of biotinylated dextran amine (one animal) or
BDA and PHA-L (one animal) were made into the parafoveal
representation in area 17 (V1) (Fig. 1). After processing, the
injections were found to be 1–2 mm in diameter and confined to
the gray matter. At one site the white matter was damaged by the
injection needle itself. In area V5, labeled axons arborized in
layers 3, 4, and 6. The lack of labeled cell bodies in extrastriate
cortex was taken as evidence that the transport was anterograde
only. The largest diameter (3 !m) axons showed the label only at
the cut ends and not in the middle of the section. Presumably this
is because the avidin complex could not penetrate the thick
myelin sheath surrounding the labeled axons, despite the freeze–
thaw procedure. These heavily myelinated fibers, originating
from V1, arose from the white matter and branched to produce
collaterals of decreasing diameter as they ascended through the
cortical layers. The smaller-diameter collaterals retained a myelin
sheath, which was not so thick as to prevent penetration of the
reagents. The axons appeared unmyelinated in the light micro-
scope (LM) at the point where boutons formed. This was con-
firmed in the electron microscope. Long, uninterrupted lengths of
very fine collaterals also criss-crossed the termination zones. The
boutons formed by these fine collaterals were very small and
infrequent (#1/100 !m). The fine collaterals were not from a
separate population of afferents, but branched from axons that
bore large boutons. All boutons selected for this study were
located in layers 4 and 6 of area V5.
Short strings of large boutons (up to 3 !m diameter) of both en
passant and terminaux morphology were gathered in local clusters.
Some of these boutons formed close appositions with somata.
From the LM views (Fig. 2A; see also Fig. 5A) we chose collat-
erals that formed clusters of boutons that were more or less
parallel to the face of the section. This selection somewhat
reduces the number of serial ultrathin sections from unmanage-
able to very large. Long lengths of collaterals, including the
interbouton segments, were also traced through the serial ultra-
thin sections. We examined 86 boutons (32 from layer 6 and 54
from layer 4) in the electron microscope. Each bouton formed at
least one asymmetric (Gray’s type 1) synapse.
Electron microscopy
Synapses formed with dendritic spines
Figure 2 illustrates a correlated LM and EM sample from labeled
collaterals in layer 4. The reaction end-product was very intense
in many of the boutons. Where this reaction end-product was
most intense it produced “chatter” over the labeled regions in the
ultrathin section. The heavy labeling made the details of the
presynaptic structures difficult to see, but the synaptic cleft and
the postsynaptic specialization were unaffected by the labeling.
The synaptic vesicles and mitochondria within the bouton did not
contain any significant deposit of reaction end-product. The la-
beled boutons were usually packed with mitochondria and round
vesicles (Fig. 2B–E). Some of the boutons and parts of the axon
contained vacuoles (e.g., Fig. 2C–E). These were clearly artifacts
of the labeling process, because unlabeled structures in the adja-
cent neuropil were intact. Similar vacuoles have been reported
with the use of wheat-germ agglutinin as a tracer (LeVay, 1986).
Vacuoles might contribute to the distinctive size of boutons when
Figure 1. Summary schematic of macaque brain showing position of
three injections of neuronal tracers (2 of BDA and 1 of PHA-L) into
primary visual cortex, area V1, of two animals.
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Figure 2. Correlated light and electron micrographs of BDA/PHA-L-labeled electron dense axon and boutons. A, Photomontage of an axon collateral
located in lower layer 4 of area V5; b1, b2, b3, and b4 are selected boutons. The associated synapses of these boutons are shown in the following electron
micrographs. B, Bouton b1 forms an asymmetric synapse (solid arrowhead) with a spine head (sp1) that can be traced back to the parent dendrite ( d)
in a single section. The dendrite produces a second spine (sp2), which receives an asymmetric synapse (small arrow) from an unidentified bouton. C, A
myelinated axon collateral ( m) gives rise to a bouton (b2) forming an asymmetric synapse (solid arrowhead) with a spine (sp). D, A large bouton (b3)
packed with vesicles and mitochondria forms an asymmetric synapse (solid arrowheads) with a spine (sp). The spine profile has been completely embraced
by the filled bouton. The postsynaptic density does not appear as a continuous structure but instead is perforated or complex. E, Another large bouton
(b4 ) forms asymmetric synapses (solid arrowheads) with a spine (sp) and the shaft of a dendrite (d). The spine apparatus is clearly visible. The dendrite
also forms an asymmetric synapse (small arrow) with an unidentified bouton. Scale bars: A, 10 !m; B, 1 !m; C–E, 0.5 !m.
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viewed in an LM, although the largest boutons in our sample
contained no vacuoles.
The collaterals that gave rise to strings of boutons were fre-
quently myelinated, but not so strongly that the avidin complex
could not penetrate (Fig. 2A,C). The boutons along the collater-
als formed asymmetric (Gray’s type 1) synapses (Figs. 2, 3). The
standard ultrastructural criteria, particularly spine apparatus (Pe-
ters et al., 1991) in conjunction with serial section reconstruction
of the bouton and its target, helped to identify the target. Some-
times the spine neck could be traced back to the parent dendrite,
either over several sections or occasionally in a single section
(Figs. 2B,E, 3A). This was made possible because in some cases
the spines had a relatively thick spine neck that was only a little
smaller in cross section than the spine head. The majority of
spines, unfortunately, could not be traced to their parent den-
drites despite care being taken in collecting serial sections.
Some spine heads were actually embedded deep in the bouton
itself (Fig. 2D) and in many cases the bouton wrapped around the
spine head (Figs. 2B,C,E, 3A,B). Further detailed reconstructions
are given below. The postsynaptic densities were not single enti-
ties but were frequently divided into a number of separate zones,
as indicated in Figures 2D and 3B, arrowheads. The labeled
bouton was the only source of asymmetric synapse to the spine. In
three cases the spine formed a second, symmetric (Gray’s type 2)
synapse with an unlabeled bouton. When reconstructed, eight of
the boutons that formed a synapse with a spine also formed
synapses with the parent dendrite or a sessile spine from the
parent dendrite. One bouton formed synapses with two spines
and a dendritic shaft; all three targets belonged to the same
neuron (b1 in Fig. 2A,B).
Synapses formed with the shafts of dendrites
Dendritic shafts were identified by their numerous mitochondria
and microtubules, and in some cases by their projecting spines.
Figure 4 illustrates the synapses formed with dendritic shafts.
Figure 4A illustrates a bouton sampled from layer 4 that forms a
synapse (large, filled arrowhead) with a large caliber dendrite (d)
and a spine (sp, large, filled arrowhead). The dendrite forms
numerous synapses from unlabeled boutons (small and unfilled
arrowheads). The dendrite contained many large mitochondria,
particularly in the dendritic varicosities or “beads.” The beads
(one is evident in the Fig. 4A) were more evident in serial
reconstruction. No spines emerged from the shaft. These features
are all characteristic of the dendrites of smooth neurons (Somo-
gyi et al., 1983; Peters and Saint Marie, 1984; Kisvárday et al.,
1985; Ahmed et al., 1997). Some of the adjacent unidentified
Figure 3. Electron micrographs of BDA/PHA-L-labeled boutons found in layer 6 of area V5. A, Bouton filled with mitochondria forming two
asymmetric synapses (solid arrowheads) with the same target neuron. One of the targets is clearly a spine (sp; note the spine apparatus) that can be traced
back to the parent dendrite (d). The second synapse forms on a region of the dendritic shaft that projects slightly into the neuropil. Serial section
reconstruction showed this projection to be a sessile or “neckless” spine. B, A spine (sp) containing spine apparatus forms an asymmetric synapse with
the labeled bouton, which shows a complex postsynaptic density (solid arrowheads) within the spine. Scale bars, 0.5 !m.
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synapses on the same target dendrites were symmetric (Fig. 4A,
open arrowheads), although the majority were asymmetric (Fig.
4A, small, filled arrowheads). Smaller-diameter dendrites with no
symmetric synapses but otherwise similar features were also the
targets of labeled boutons. One dendrite of small diameter
formed a synapse with a labeled segment of axon. This contact
was not anticipated, because at the LM level there was no sug-
gestion of a bouton. Despite lengthy serial sections of axons, this
was the only synapse discovered, indicating that such axonal
synapses must be exceedingly rare.
The bouton illustrated in Figure 4B (sampled from layer 6)
formed a synapse with a smooth beaded dendritic shaft similar to
that described above (Fig. 4A). In the higher-power view of the
synapse (Fig. 4C), the additional unlabeled boutons that form
synapses with the dendrite were packed together. One formed
symmetric synapses (open arrowheads), one formed asymmetric
synapses (small, filled arrowhead). Approximately 26% of the
dendritic shafts in V5 that formed synapses with the V1 afferents
were of this smooth neuron type.
Synapses formed with somata
Neuronal somata in both layers 4 and 6 also formed synapses with
V1 afferent boutons. Figure 5 illustrates a soma in layer 4 that
forms synapses with four separate boutons (Fig. 5B, b1–b4) that
arose from one myelinated axon collateral. Contacts between
somata and the darkly labeled boutons of the V1 axons were
easily visible at the LM level (Fig. 5A,B). The postsynaptic
somata contained large, deeply invaginated nuclei, and the cyto-
plasm was packed with mitochondria (examples indicated by
arrows in low-power electron micrograph in Fig. 5C) and rough
endoplasmic reticulum. Crystalline inclusion bodies were some-
times found within the mitochondria of contacted somata (Fig.
5H). These have previously been seen within the mitochondria of
Meynert cells in area V1 of monkey cortex (Chan-Palay et al.,
1974). The Meynert cells project to V5 (Lund et al., 1975;
Maunsell and Van Essen, 1983; Fries et al., 1985). All of the
synapses formed with the soma by unlabeled boutons were asym-
metric. However, the postsynaptic density of somatic synapses
was far less prominent than those formed with spines and shafts.
The ultrastructural features of the somata are characteristic of
GABAergic smooth neurons (Peters and Saint Marie, 1984).
Three-dimensional reconstructions of synapses
One intriguing aspect of the large labeled boutons became evi-
dent when we reconstructed them and their synaptic targets more
fully. Because the geometry might be of significance for the
diffusion of transmitter to receptors from the presynaptic release
sites (Uteshev and Pennefather, 1997; Rusakov and Kullmann,
1998a,b) we have made complete reconstructions of some boutons
to illustrate the feature (Figs. 6, 7). The asymmetric synapses
formed with spines were made by boutons that enveloped the
spine head, which formed a virtual pocket within the volume of
the bouton (Fig. 6A,B). Sometimes the bouton completely en-
gulfed the spine head (Fig. 6C,D). Almost half (46%) of the spine
heads in our sample were enveloped by the bouton. When syn-
apses were formed, as these examples show, the synapse itself
could be located at the tip of the spine or close to the point of
penetration of the spine into the bouton, or both. The large
bouton illustrated in Figure 7 formed synapses with four spines
and a dendritic shaft. This exceptional bouton formed eight
distinct synapses. The entire heads of two bulbous spines were
almost completely enveloped by the bouton. The other two spines
were also less completely enveloped. The entire circumference of
a dendritic shaft was enveloped by the bouton. It formed three
synapses with the labeled bouton. The target dendrite was vari-
cose, packed with mitochondria, and formed one other synapse
with an unidentified bouton. It had no spines in the reconstructed
section and most likely was a dendrite of a smooth neuron.
The detail of the postsynaptic membrane was sufficiently well
preserved that we could reconstruct the complete postsynaptic
surface of synapses. It became clear that different types of target
formed synapses of different size and shape. The shape of the
postsynaptic disk could vary because of perforations in the
postsynaptic density (Peters et al., 1991). This results in a “com-
plex” synapse. Figure 8 depicts the two-dimensional projection of
the postsynaptic densities from the sample of complete 3-D re-
constructions of the synapses. Postsynaptic densities in the form
of annuli and horseshoe shapes were more frequent on spines.
Dendritic shafts and somata in particular had the least perforated
or complex postsynaptic densities. It was a matter of opinion
whether the numerous, small synapses formed with somata were
in fact one synapse, but because each synaptic site could be
separated by up to seven sections they were considered to be
individual sites. However, the arrangement of vesicles above
these multi-synaptic sites was of a continuous dense cloud of
vesicles. Sessile spines could form synapses with regular or com-
plex postsynaptic densities.
The histogram of synaptic areas (Fig. 9) indicates that synapses
made by the boutons contacting somata were the smallest: mean
area 0.031 !m2 (SEM ! 0.008). Spine synapses were the largest
on average (0.127 !m2; SEM ! 0.011), and those with dendritic
shafts were intermediate (0.071 !m2; SEM ! 0.07). The synapse
areas of the three groups are significantly different from each
other ( p ! 0.01; Wilcoxson paired rank test). Most synapses
extended over only two or three sections; however, one bouton
could provide up to five small synapses.
Mitochondria in boutons
Evidence is accumulating that because of their role in calcium
metabolism, the mitochondria in axonal boutons may have a
significant influence on the dynamics of synaptic transmission
(Nicholls and Åkerman, 1982; Herrington et al., 1996; Tang and
Zucker, 1997; Xu et al., 1997; Peng, 1998). We have thus fully
reconstructed several boutons to examine the details of their
mitochondrial contents more completely. These 3-D reconstruc-
tions indicated that the region adjacent to the synapse had the
greatest accumulation of vesicles. Mitochondria of variable diam-
eter filled out the remainder of the volume of the bouton. Up to
12 mitochondrial profiles, sometimes branched, could appear in
any single ultrathin section. Three-dimensional reconstructions of
mitochondria have rarely been made in such boutons, so the
actual number of individual mitochondria is unknown. After
reconstructing some of these structures (Fig. 10) we discovered
that there was considerable variation in the organization of mi-
tochondria. In some boutons the densely packed mitochondria
were relatively short (0.5 !m) and straight, and in others they
formed continuous loops within the volume of the bouton (Fig.
10). Hence the same mitochondrion was sectioned many times in
each ultrathin section. As the bouton volume increased, so the
number of mitochondrial profiles increased, but not necessarily
the total number of mitochondria. We could follow individual
mitochondria as they streamed from the bouton into the axon
[e.g., the mitochondria represented in dark orange and pale green
(Fig. 10C,D)]. The reconstructions also showed that the mito-
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Figure 4. Electron micrographs of labeled synaptic boutons in contact with dendrites of smooth cells. A, Characteristically large bouton, filled with
vesicles, located in lower layer 4 forms two asymmetric synapses (large, solid arrowheads), one with a dendrite (d) and the other with a spine (sp). The
dendrite contains numerous mitochondria and forms many synapses of the symmetric (open arrowheads) and asymmetric (small, solid arrowheads) types
with unidentified boutons. When the target dendrite was reconstructed over several serial sections, it became clear that the variations in diameter, which
can be visible in the micrograph, were caused by a varicose or beaded morphology. These features are consistent with (Figure legend continues)
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chondria accumulated at one side of the bouton, away from the
synapses themselves. This space immediately around the synapses
was filled with vesicles. Measurements in three fully recon-
structed boutons revealed that the mitochondria occupied an
average volume of 0.57 !m3, which was fully 22% of the entire
average volume of the boutons. The total surface area of the
mitochondria within a bouton was approximately equal to the
surface area of the bouton.
Targets of synapses
Data from layers 4 and 6 were pooled because no significant
differences between the two samples were observed. The princi-
pal synaptic targets of the V1 afferents were spines, which formed
54% of targets. Dendritic shafts formed a large proportion of
targets (33%), about a quarter of which originated from smooth
neurons. Somata, probably also of smooth neurons, formed the
remaining 13% of targets (Fig. 11). Thus, !78% of the V1
afferent synapses were formed with spiny excitatory neurons in
V5. Most boutons formed only one asymmetric synapse (Fig. 12).
However, some formed two or more synapses, so that on average
each V1 afferent bouton formed 1.7 synapses.
Proportion of asymmetric synapses formed by V1 afferents in
layer 4 of V5
When sections were viewed in the LM it was clear that the labeled
processes were not distributed evenly (Rockland, 1989) but
formed zones of higher and lower density. From one monkey we
selected two patches of particularly dense labeling within layer 4
for a stereological assessment by the unbiased “disector” method
(Sterio, 1984) of the proportion of labeled synapses. This method
entails the use of serial sections. Synapses appearing in the
“reference” section but not in the “look-up” section are counted.
We found that 2.7% (5 of 185) and 3.5% (3 of 85) of boutons with
disappearing synapses (Sterio, 1984) were labeled. The area (mi-
crometers squared) of all labeled and nonlabeled boutons with
disappearing synapses (n " 270) was measured. The size distri-
bution of the unlabeled and labeled profiles was broad (Fig. 13).
Labeled profiles did not occupy the lowest end of the distribution
but were evident among the largest measured. In the same tissue
we could assess labeled versus nonlabeled myelinated axon pro-
files. Labeled myelinated axons occurred with about the same
frequency (2.8%) as labeled synapses. The largest diameter axons
(!2 !m) in layer 4 were both labeled and nonlabeled. All of the
large-diameter axons were covered with a myelin sheath. The wall
of the myelin sheath associated with these large fibers ranged
from 0.12 to 0.4 !m thick.
DISCUSSION
In the present experimental work we have studied the direct
projection from the parafoveal regions of V1 to V5 with the view
of establishing a structural basis for the transmission of the
component motion signal from V1 to V5. The source of the V1
afferents is known to be the spiny stellates and pyramidal cells of
layer 4B and large pyramidal cells (Meynert cells) of layer 6
(Lund et al., 1975; Fries et al., 1985; Shipp and Zeki, 1989; Elston
and Rosa, 1997). These neurons formed asymmetric (Gray’s type
1) synapses with their targets. Nearly 80% of the synaptic targets
of V1 afferents in V5 were the spines and dendritic shafts of
excitatory cells. The remaining synapses were with the dendrites
and somata of smooth (GABAergic inhibitory) neurons.
The similarity between the thalamic and feedforward intracor-
tical pathways has been noted by Johnson and Burkhalter (1996)
in their comprehensive study of feedforward and feedback con-
nections in the rat visual cortex. Both the thalamic afferent
projection in the primate and the V1 to V5 projection have
similar terminal laminae and have spiny neurons as their major
target. Compared with the projection from V1 to V5, the projec-
tions from V1 to lateral extrastriate cortex in the rat show some
minor variations in the cells of origin and in the laminar distri-
bution of the terminals. However, the types and proportions of
synaptic targets are quite comparable to those found here, with
pyramidal cells forming 90% of the targets and GABAergic
interneurons the remainder (Johnson and Burkhalter, 1996).
Comparable distributions were also found for the projection from
the area 17–18 border to the posterior lateral suprasylvian visual
area in the cat (Lowenstein and Somogyi, 1991). This suggests a
conservation of function of the interareal feedforward projections
in mammalian visual cortex. The commissural and “feedback”
connections differ in that a much smaller proportion (!2–4%) of
synapses is formed with smooth neurons (Jones and Powell, 1970;
Czeiger and White, 1993; Johnson and Burkhalter, 1996).
The injection sites in V1 included all layers, so it is very likely
that the sample of boutons included those originating from both
the large pyramidal cells (solitary cells of Meynert) on the border
between layers 5 and 6 in monkey V1 and the layer 4B neurons.
The layer 5/6 Meynert cells are outnumbered by the layer 4B
neurons that project to V5 by !10:1 (Maunsell and Van Essen,
1983; Shipp and Zeki, 1989). Although the terminal arborizations
of these two neuronal types have yet to be distinguished, the
marked differences in the numbers of these two types that project
to V5 suggest that most of the terminals we sampled would have
originated from the 4B neurons. Qualitatively, however, we did
not get any hint that we might be sampling from two quite distinct
populations, at least in terms of their morphology and synaptic
targets, and we have therefore treated the V5 population as one
homogenous sample. The appearance of anatomical homogeneity
may reflect the physiological homogeneity seen by Movshon and
Newsome (1996). Six of the neurons they recorded were from
layer 4B, and six were from the layer 5/6 border, i.e., probably
Meynert cells. All 12 had similar receptive field properties, in-
cluding strong contrast-independent direction selectivity, and all
had fast-conducting axons. This relation of projection pattern to
physiology led Movshon and Newsome (1996) to follow Zeki
(1974) and characterize V1 as a vast “clearing house” that selec-
tively distributes different specific information to different visual
areas.
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those of neurons with smooth dendrites, which contain GABA. In subsequent sections of the series, the same labeled bouton formed another two
synapses with the dendrite. The spine target is almost completely enveloped by the bouton. The extensive postsynaptic density within the spine indicates
that the synapse has been sectioned at an oblique plane. B, Large bouton located in layer 6 with a dendritic target similar to the one described above
(Fig. 3A). The labeled bouton forms an asymmetric synapse (large, solid arrowhead) with the dendrite, which also forms symmetric synapses (open
arrowheads), and other asymmetric synapses (small, solid arrowheads) from unidentified boutons. C, A higher-power micrograph of the adjacent section
in the series of the bouton shown in Figure 3B. Detail of the unlabeled symmetric synapse (open arrowhead) and the labeled and unlabeled asymmetric
synapses (large, solid and small, solid arrowheads, respectively) can be compared. Scale bars: A, B, 1 !m: C, 0.5 !m.
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Figure 5. Correlated light and electron micrographs of BDA/PHA-L-filled boutons in synaptic contact with a soma ( S) located in layer 4 of area V5.
A, Low-power light micrograph of an identified axon collateral (large, solid arrow) rising through lower layer 4. The soma ( S) and some of the boutons
(small arrows) appear at higher magnification in B. B, Numbered boutons (b1, b2, b3, b4 ) all form contacts with the soma ( S). A large-diameter
myelinated axon (m) is indicated for reference. C, Low-power electron micrograph of the soma (S) seen in B. The myelinated axon (m) referred to in
B can be seen in close contact with the soma. Some of the mitochondria appear to be lightly stained (small arrows) (Figure legend continues),
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Identification of target neurons and likely
synaptic efficacy
The pyramidal cells in V5 are more highly branched and more
spiny than those of V1 pyramidal cells (Elston and Rosa, 1997).
This is perhaps a consequence of the higher density of neurons in
V1 that may prevent elaboration of the dendritic tree. The num-
ber of excitatory synapses formed on these V5 pyramidal cells is
probably in the range of 5000 to 10,000, as in other cortical areas.
Figure 6. Three-dimensional reconstructions from serial ultrathin sections of filled boutons in area V5 showing how targets are enveloped by the bouton.
A, B, Two views of a bouton (blue) found in layer 6. In A a clear depression or pocket can be seen at the top (uppermost pole) of the bouton. The edge
of the postsynaptic density ( yellow) can be seen at the lip of the depression. In B the bouton was rotated around a vertical axis (!180°) to provide a better
view of the postsynaptic density. C, D, A large layer 6 bouton (blue) that forms synapses with three spines (brown). In C the bouton and spines have an
opaque skin, and in D the skin is transparent. The two spines on the right are deeply embedded within the bouton. The postsynaptic surface ( yellow)
is shown in apposition with the spines. Axes, 0.5 !m.
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thus enabling the soma to be seen at the light microscopic level. The large filled axon (ax) gives rise to the boutons (b2, b3) after losing its myelin sheath
(not illustrated). D, High-power electron micrograph of boutons b2 and b3. The bouton b2 forms an asymmetric synapse (solid arrowhead) with the soma.
Electron dense mitochondria (mit) can be seen within the cytoplasm of the soma. E, F, In sections after that shown in D, boutons b3 and b1 can be seen
to form asymmetric synapses (solid arrowheads) with the soma. G, The asymmetric synapse (solid arrowhead) of the fourth bouton (b4 ) in contact with
the soma can be compared with the asymmetric synapses (small arrows) formed by an unlabeled bouton also in contact with the soma. H, High-power
micrograph of a crystalline inclusion ( i) within the body of a mitochondria found in the soma contacted by the above boutons. Scale bars: A, B, 10 !m;
C, 5 !m; D–H, 0.5 !m.
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For the basket cells the number is probably similar (Ahmed et al.,
1997). Our estimates clearly suggest that the afferents of V1 can
only provide a few percent of these excitatory synapses. The
unbiased method of counting (Sterio, 1984) makes it likely that we
have correctly assessed the percentage of labeled synapses in
layer 4 of V5. However, there are possible technical issues that
would lead to an underestimate of the actual number. One obvi-
ous issue is that not all of the projecting neurons at the site of
injection might have taken up and transported the label, or that
the transport is incomplete. A more significant issue concerns the
divergence and convergence of the V1 to V5 projection. If a
single region of V5 receives its input from a very large region
of V1, our injections in V1 would have failed to label all of the
neurons projecting to the sampled terminal region in V5.
However, if not all of the boutons were labeled, this estimate
cannot be greatly in error, given that the V5 projection neu-
rons in V1 are sparse andhave to map retinotopically in V5. It
is likely that each target neuron in V5 must form at most only
a few hundred synapses with V1 afferents. This raises the
interesting functional problem for the computation of pattern
motion. If V1 does form the first stage of the motion compu-
tation and V5 the second, then the signal is being conveyed
from V1 to V5 by a small fraction of the synapses. How then
does the V1 signal avoid being swamped or corrupted by the
activity of all of the other excitatory synapses simultaneously
active on the dendritic tree of the recipient V5 neuron?
One possible answer to this question is that the V1 afferent
synapses are particularly powerful relative to the other excitatory
synapses formed with the V5 neurons. The size of the synaptic
potentials in V5 neurons has yet to be measured. However, the
size of the postsynaptic densities of the V1 afferent synapses may
provide an approximate indication of the number of receptors
that could be located in the postsynaptic membrane of the V5
recipient neurons. For example, 1000 AMPA receptors of 10 nm
diameter could be packed side by side into 0.1 !m2. Our mea-
surements of the area of the postsynaptic densities of the synapses
formed by the labeled boutons indicate that the largest (those on
spines) are slightly smaller (0.13 !m2) than those of the thalamo-
Figure 7. Reconstruction of a large bouton (blue) in layer 4 of area V5 that forms synapses with four spines and a dendrite. A, When the bouton is
rendered with an opaque skin it can be seen to wrap around the dendrite (d in B). This dendrite forms three synapses with the identified bouton. The
spines (s in B) are all deeply embedded in the bouton. B, Both bouton and targets are rendered transparent, showing the postsynaptic density. The
asymmetric synapses are yellow. One of the spines also forms a symmetric synapse (red) with an unidentified bouton. Axes, 0.5 !m.
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cortical synapses in the cat, which are !0.18 !m2 (Dehay et al.,
1991; Friedlander et al., 1991). These postsynaptic densities in V5
are at least threefold larger in area than those observed at
comparable excitatory synapses formed with spines of CA1 pyra-
midal cells in the mouse and rat hippocampus (Harris and
Stevens, 1989; Schikorski and Stevens, 1997). They are slightly
smaller than the individual synapses formed by single mossy fiber
boutons with the branched dendritic spines of the CA3 pyramids
(Chicurel and Harris, 1992).
Individual geniculocortical fibers in the cat visual cortex pro-
Figure 8. Two-dimensional projection of the reconstructed postsynaptic densities found on spines, soma, and dendrites postsynaptic to labeled boutons in
area V5. The densities are from individual synapses and are ordered by increasing surface area calculated from the 3-D reconstructions. Scale bar, 1 !m.
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vide average EPSP amplitudes of nearly 2 mV, which would
require !400 postsynaptic ion channel openings (Stratford et al.,
1996). The extraordinarily low coefficient of variation of 8%
suggests that they could arise from multiple release sites with an
extremely high release probability or single large synapses (Strat-
ford et al., 1996). By analogy with these cat data, the size of the
V5 synapses studied here suggest that the mean amplitudes of the
unitary AMPA receptor EPSPs will be "1–2 mV. This remains to
be tested. We also found evidence of multisynaptic connections
from single afferents to single neurons in V5. Unfortunately, our
method cannot provide an estimate of the frequency of such
multisynaptic connections, but such multiple synapses would lead
to larger EPSPs and so provide V5 with a functionally powerful
input from V1 despite the small number of synapses that the V1
projection provides in V5.
Influence of synapse morphology on
transmitter diffusion
The 3-D reconstruction of the postsynaptic elements revealed
that the postsynaptic densities formed with dendritic shafts were
single disks. By contrast the synapses formed with spines had
perforated postsynaptic densities that formed complex horseshoe
or circular arrangements when viewed en face. In addition, the
larger presynaptic boutons enveloped the entire head of the
postsynaptic spines and occasionally dendritic shafts. We do not
yet understand why the spine synapses in the V1 to V5 projection
form such elaborate morphology, but presumably one reason is to
secure more efficient and reliable transmission with the fewest
possible synapses. Previously we have observed such embedding
of the postsynaptic target in the presynaptic bouton in the mag-
nocellular boutons of the thalamic afferents in V1 of the macaque
monkey (Freund et al., 1989) and in boutons of the nondeprived
Y-axons in area 18 of long-term monocularly deprived cats
(Friedlander et al., 1991). Elsewhere, the giant mossy fiber bou-
tons in CA3 of the hippocampus also appear to embed their
targets (Chicurel and Harris, 1992). An additional feature of such
large boutons is that they form multiple synapses. Such arrange-
ments could have some significance for the spillover of neuro-
transmitter between receptor domains within a single postsynap-
tic or perisynaptic complex and for spread of transmitter between
synapses.
The diffusion of glutamate neurotransmitter from the synapse
has been modeled in some detail (Uteshev and Pennefather, 1997;
Rusakov and Kullmann, 1998a,b). Kullman and Asztely (1998)
have reviewed the relevant experimental literature. The modeling
shows that both the viscosity (determined by the diffusing mole-
cules interactions with cell walls and macromolecules in the
extracellular space) and geometry of the tissue have a significant
effect on diffusion. Rusakov and Kullman (1998a) show that
NMDA receptors, but not AMPA receptors, located at a distance
of "500 nm from the center of the synaptic cleft will be activated
by the release of one vesicle. The synapses formed by the multi-
synaptic boutons in V5 tended to have intersynaptic distances in
excess of 500 nm. This, together with the envelopment of the
synapses by the bouton, would restrict the cross-talk between
these synapses. However, this same morphology might increase
the concentration of neurotransmitter in the region surrounding
the synapse and so increase the probability of the activation of
receptors on both the postsynaptic and the presynaptic mem-
brane. The “gap” between the synaptic densities in the perforated
synapses averaged "300 nm (range, 168 to 476 nm) (Fig. 8), which
is within the effective diffusion range of the contents of a single
vesicle (Rusakov and Kullman, 1998a). The same constraints of
diffusion studied by Rusakov and Kullman (1998a,b) of course
applies to the movement of extracellular ions, such as Ca 2#, into
the boutons. If the diffusion of Ca2# is slow, then it may become
locally depleted and so modify synaptic activity (Montague,
1996).
Little attention has been paid to the correlation between syn-
aptic morphology and physiology in the visual cortex. Neverthe-
less, there are some quite distinct differences in the synaptic
physiology of the inputs to layer 4 of cat visual cortex, as noted
above. In particular the thalamocortical synapses in the cat pro-
duce EPSPs of large amplitude and exceedingly low variance
(Stratford et al., 1996). This is most easily explained if only a
single release site were active. However, the contents of a single
vesicle ["5000 molecules of neurotransmitter (Riveros et al.,
1986)] may not contain enough transmitter to produce 100%
double occupancy (saturation) of the receptors that such low
variance implies (Larkman et al., 1991). Thus, multiple release
sites, each having a high probability of release, may invariably be
involved in such synapses if the diffusion distance between any
single release site and target receptors is to be reduced.
Synapses with multiple release sites that have large-amplitude
low-variance synaptic currents have been observed in the multi-
site glutamatergic synapses that mossy fibers form with granule
cells in the rat’s cerebellum (Silver et al., 1996). At these sites the
synaptic current appears to be limited by the number of postsyn-
aptic channels rather than by the amount of neurotransmitter
released. This is probably because the transmitter released from
neighboring sites overlaps and so changes both the concentration
and length of occupancy of the transmitter in the cleft (Faber and
Korn, 1988). Importantly too, the perisynaptic concentration of
Figure 9. Histogram of the distribution of postsynaptic areas (!m 2)
formed by labeled boutons in area V5.
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transmitters would also be raised. One possibility is that there are
receptors located in the perforation of the postsynaptic density—
for example, the metabotropic glutamate receptors (Nusser et al.,
1994; Baude et al., 1995). Extrasynaptic receptors located at the
center of the horseshoe would be at a relative advantage because
they would receive a higher concentration of spillover neurotrans-
mitter from multiple release sites than receptors located outside
the ring. Unfortunately the neurochemistry and distribution of
V5 receptors is unknown.
The smallest postsynaptic densities seen in the present study
were formed mainly with dendritic shafts. In the cat, the smallest
postsynaptic densities are also on the dendritic shafts, but their
source is local layer 6 pyramidal cells. (Ahmed et al., 1994, 1997).
These layer 6 pyramidal cell synapses show strong paired-pulse
facilitation and not the paired-pulse depression seen with the
layer 4 spiny stellate synapses or the thalamic afferent synapses
(Stratford et al., 1996; Tarczy-Hornoch et al., 1998). The mech-
anisms that determine this dynamic behavior of synapses are
Figure 10. Two different views of two boutons reconstructed and rendered with transparent skins to show solid mitochondria and postsynaptic
specializations ( yellow). The mitochondria are color-coded for identification of individual structures. For both boutons the right-hand image (B, D) is
rotated (!180°) about the horizontal axis of the left-hand image. A, B, Bouton found in layer 6 that formed synapses with two spines and contained four
mitochondria ( pink, blue, orange, and green). The longest mitochondrion ( pink) was branched and formed three loops. Both synaptic surfaces ( yellow)
are presented at oblique, nonoptimal elevations but appear as incomplete annuli. C, D, Layer 4 bouton formed synapses with two spines and contained
nine mitochondria. One mitochondrion ( pink) is branched and forms loops. The synaptic specializations ( yellow) become superimposed on each other
in these views. One synapse is horseshoe-shaped and the second is composed of two small patches. Axes, 0.5 !m.
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largely unknown. However, it has recently been discovered that
the mitochondria may have an important role in the dynamics of
synaptic function.
Mitochondria in the synaptic boutons
A striking morphological feature was the considerable volume
occupied by mitochondria within the terminal boutons of the V1
afferent neurons. In a previous study in the cat it was noted that
the number of mitochondrial profiles seen in a single cross section
of a thalamic afferent bouton scaled linearly with the size of the
bouton (Friedlander et al., 1991). By making the 3-D reconstruc-
tions, it became clear that the many mitochondrial profiles seen in
a single cross section actually arose from the tortuous folding and
branching of individual mitochondria within the bouton. The
functional role of the mitochondria in the presynaptic terminals is
beginning to be understood from work in invertebrates and lower
vertebrates. In the crayfish, the axon terminals of phasic motoneu-
rons contain fewer mitochondria and show marked synaptic de-
pression, whereas the terminals of tonic motoneurons have more
mitochondria, more oxidative activity, and a greater resistance to
synaptic depression. The synapses of the tonic motoneurons also
show strong frequency-dependent facilitation (Nguyen et al.,
1997). These data suggest the possibility that the V1 neurons
projecting to MT have a tonic activity and that one role of the
mitochondria in the boutons is to prevent or reduce depression in
this synapse.
Mitochondria play an important role in calcium metabolism in
cells (Nicholls and Åkerman, 1982; Herrington et al., 1996; Xu et
al., 1997), but despite the importance of calcium in synaptic
transmission, the significance of mitochondria for synaptic trans-
mission has only recently been recognized. Calcium enters the
synaptic bouton through voltage-gated channels, and it is the key
ion in producing the release of neurotransmitter. Increasing the
calcium concentration within the bouton increases the probability
of transmitter release. In the bullfrog sympathetic ganglia (Peng,
1998), calcium entering the bouton is taken up by the mitochon-
dria, but in a frequency-dependent manner. If the terminal is
activated at low rates, then the calcium transporters in the mito-
chondria can provide adequate buffering. If the rates of activation
are high, the mitochondria cannot buffer adequately, and calcium
accumulates within the bouton. This uptake during repetitive
stimulation also explains the development of post-tetanic poten-
tiation at synapses. Tang and Zucker (1997) have found that
mitochondria in the neuromuscular junction of the crayfish also
slowly release the calcium they accumulated during tetanic stim-
ulation. It is this maintained higher concentration of calcium
within the bouton that is responsible for post-tetanic potentiation.
Although the role of mitochondria at central synapses in mam-
mals has still to be studied, it is most likely that their role in the
boutons studied here includes the mechanisms referred to in the
above studies of invertebrate and lower vertebrate synapses.
Thus, the quantification of the contribution of mitochondria
within the synaptic boutons of identified neurons may provide
another important link between morphology and function of
these synapses.
Common basic circuits in V1 and V5
On anatomical grounds, therefore, it seems that both the light and
electron microscopic pattern of innervation of the V1 afferents in
V5 does not differ markedly from that of the dLGN input to V1.
Johnson and Burkhalter (1996) have suggested schemes of how
the thalamic and interareal feedforward and feedback circuits
Figure 11. Histogram of synaptic targets of boutons in area V5 originat-
ing from neurons labeled in area V1.
Figure 12. Histogram of the number of synapses (1, 2, 3, 4, 5 or more per
bouton) formed by individual labeled boutons in layers 4 and 6 of area V5.
Figure 13. Histogram showing the distribution of area (!m 2) of labeled
(black bars) and nonlabeled (white bars) synaptic boutons in area V5. Only
those boutons with disappearing synapses were measured.
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might connect into the local recurrent microcircuits of the visual
cortex (Douglas et al., 1989a,b). Models of component direction
selectivity have been simulated on such recurrent microcircuits
(Douglas and Martin, 1991; Suarez et al., 1995). In principal, the
extraction of global motion should be possible using the same
machinery as is used for the component motion analysis. Simon-
celli and Heeger (1998) have developed an abstract linear model
to explain how global motion in V5 can be derived from a
component motion input from V1 by means of essentially the
same algorithm. Although their model does not map directly onto
the known circuitry and biophysics of the cortex, they pointed out
that the commonality of their computation for V1 and V5 is
conceptually related to the structural commonality of circuits in
different cortical areas. It is this same principle of multifunction-
ality of a basic circuit that is captured in the concept of the
recurrent microcircuit (Douglas et al., 1989a,b; Douglas and
Martin, 1991).
Future prospects
The present study has raised some important questions about the
possible role of the V1 input to V5. Obviously, V5 receives other
inputs from areas such as V2, V3, VP, MST, and the thalamus.
Blocking all of the activity transmitted from V1 either by cooling
appropriate retinotopic regions (Girard et al., 1992) or by abla-
tion (Rodman et al., 1990) leaves V5 quite impaired but still
partly functional. The remaining active neurons are directional.
Combined lesions of the colliculus and V1 eliminate activity in
V5 (Rodman et al., 1990). These alternative routes are not
evidence against the hypothesis of Movshon and Newsome (1996)
that the computation of pattern motion takes place in V5. How-
ever, considerable work still needs to be done to settle the matter.
Clearly, in view of the results obtained in this study, it will be
important to establish whether V5 is built of recurrent circuits
comparable in structure and function to those of V1.
REFERENCES
Adelson EH, Movshon JA (1982) Phenomenal coherence of moving
visual patterns. Nature 300:523–525.
Ahmed B, Anderson JC, Martin KAC, Nelson JC (1994) Polyneuronal
innervation of spiny stellate neurons in cat visual cortex. J Comp
Neurol 341:39–49.
Ahmed B, Anderson JC, Martin KAC, Nelson JC (1997) Map of the
synapses onto layer 4 basket cells of the primary visual cortex of the cat.
J Comp Neurol 380:230–242.
Allman JM, Kaas JH (1971) A representation of the visual field in the
caudal third of the middle temporal gyrus of the owl monkey (Aotus
trivirgatus). Brain Res 31:85–105.
Baude A, Nusser Z, Molnár E, McIlhenny RAJ, Somogyi P (1995)
High-resolution immunogold localization of AMPA type glutamate
receptor subunits at synaptic and non-synaptic sites in rat hippocampus.
Neuroscience 69:1031–1055.
Chan-Palay V, Palay SL, Billings-Gagliardi SM (1974) Meynert cells in
the primate visual cortex. J Neurocytol 3:631–658.
Chicurel ME, Harris KM (1992) Three-dimensional analysis of the
structure and composition of CA3 branched dendritic spines and their
synaptic relationships with mossy fiber boutons in the rat hippocampus.
J Comp Neurol 325:169–182.
Colonnier M (1968) Synaptic patterns of different cell types in the dif-
ferent laminae of the cat visual cortex: an electron microscopic study.
Brain Res 9:268–287.
Czeiger D, White EL (1993) Synapses of extrinsic and intrinsic origin
made by callosal projection neurons in mouse visual cortex. J Comp
Neurol 330:502–513.
Dehay C, Douglas RJ, Martin KAC, Nelson JC (1991) Excitation by
geniculocortical synapses is not “vetoed” at the level of dendritic spines
in cat visual cortex. J Physiol (Lond) 440:723–734.
Douglas RJ, Martin KAC (1991) A functional microcircuit for cat visual
cortex. J Physiol (Lond) 440:735–769.
Douglas RJ, Martin KAC Whitteridge D (1989a) A canonical microcir-
cuit for neocortex. Neural Comput 1:480–488.
Douglas RJ, Martin KAC, Whitteridge D (1989b) A functional micro-
circuit for cat visual cortex. J Physiol (Lond) 440:735–769.
Dubner R, Zeki S (1971) Response properties and receptive fields in an
anatomically defined region of the superior temporal sulcus in the
monkey. Brain Res 35:528–532.
Elston GN, Rosa GP (1997) The occipitoparietal pathway of the ma-
caque monkey: comparison of pyramidal cell morphology in layer 3 of
functionally related cortical visual areas. Cereb Cortex 7:432–452.
Faber DS, Korn H (1988) Synergism at central synapses due to lateral
diffusion of transmitter. Proc Natl Acad Sci USA 85:8708–8712.
Freund TF, Martin KAC, Soltesz I, Somogyi P, Whitteridge D (1989)
Arborisation pattern and postsynaptic targets of physiologically identi-
fied thalamocortical afferents in striate cortex of the macaque monkey.
J Comp Neurol 289:315–336.
Friedlander MJ, Martin KAC, Wassenhove-McCarthy D (1991) Effects
of monocular visual deprivation on the innervation of cortical area 18
in the cat by individual thalamocortical axons. J Neurosci
11:3268–3288.
Fries W, Keizer K, Kuypers HG (1985) Large layer VI cells in macaque
striate cortex (Meynert cells) project to both superior colliculus and
prestriate visual area V5. Exp Brain Res 58:613–616.
Gilbert CD (1977) Laminar differences in receptive field properties of
cells in cat primary visual cortex. J Physiol (Lond) 268:391–421.
Girard P, Salin PA, Bullier J (1992) Response selectivity of neurons in
area MT of the macaque monkey during reversible inactivation of area
V1. J Neurophysiol 67:1437–1446.
Gray EG (1959) Axosomatic and axodendritic synapses in the cerebral
cortex: an electron microscopic study. J Anat 93:420–433.
Harris KM, Stevens JK (1989) Dendritic spines of CA1 pyramidal cells
in the rat hippocampus: serial electron microscopy with reference to
their biophysical characteristics. J Neurosci 9:2982–2997.
Herrington J, Park YB, Babcock DF, Hille B (1996) Dominant role of
mitochondria in clearance of large Ca2! loads from rat adrenal chro-
maffin cells. Neuron 16:219–228.
Johnson RR, Burkhalter A (1996) Microcircuitry of forward and feed-
back connections within rat visual cortex. J Comp Neurol 368:383–398.
Jones EG, Powell TPS (1970) An electron microscope study of the
laminar pattern and mode of termination of afferent fibre pathways in
the somatic sensory cortex of the cat. Philos Trans R Soc Lond B Biol
Sci 257:45–62.
Kisvárday ZF, Martin KAC, Whitteridge D, Somogyi P (1985) Synaptic
connections of intracellularly filled clutch neurons, a type of small
basket neuron in the visual cortex of the cat. J Comp Neurol
241:111–137.
Kullmann DM, Asztely F (1998) Extrasynaptic glutamate spillover in
the hippocampus: evidence and implications. Trends Neurosci 21:8–14.
Larkman A, Stratford KJ, Jack JJB (1991) Quantal analysis of excitatory
synaptic action and depression in hippocampal slices. Nature
350:344–347.
LeVay S (1986) Synaptic organization of claustral and geniculate affer-
ents to the visual cortex of the cat. J Neurosci 6:3564–3575.
Lowenstein PR, Somogyi P (1991) Synaptic organization of cortico-
cortical connections from the primary visual cortex to the posterome-
dial lateral suprasylvian visual area in the cat. J Comp Neurol
310:253–266.
Lund JS, Lund RD, Hendrickson AE, Bunt AH, Fuchs AF (1975) The
origin of efferent pathways from the primary visual cortex, area 17, of
the macaque monkey as shown by retrograde transport of horseradish
peroxidase. J Comp Neurol 164:287–303.
Maunsell JH, Van Essen DC (1983) The connections of the middle
temporal visual area (MT) and their relationship to a hierarchy in the
macaque. J Neurosci 3:2563–2586.
Montague PR (1996) The resource consumption principle: attention and
memory in volumes of neural tissue. Proc Natl Acad Sci USA 93:
3619–3623.
Movshon JA, Newsome WT (1984) Functional characteristics of func-
tional cortical neurons projecting to MT in the macaque. Soc Neurosci
Abstr 10:933.
Movshon JA, Newsome WT (1996) Visual response properties of striate
cortical neurons projecting to area MT in macaque monkeys. J Neurosci
16:7733–7741.
Nguyen PV, Marin L, Atwood HL (1997) Synaptic physiology and mi-
Anderson et al. • Synapses of V1 Boutons in Area V5 J. Neurosci., December 15, 1998, 18(24):10525–10540 10539
tochondrial function in crayfish tonic and phasic motor neurons. J Neu-
rophysiol 78:281–294.
Nicholls DG, Åkerman KEO (1982) Mitochondrial calcium transport.
Biochim Biophys Acta 683:57–88.
Nusser Z, Mulvihill E, Streit P, Somogyi P (1994) Subsynaptic segrega-
tion of metabotropic and ionotropic glutamate receptors as revealed by
immunogold localization. Neuroscience 61:421–427.
Palmer LA, Rosenquist AC (1974) Visual receptive fields of single stri-
ate cortical units projecting to the superior colliculus in the cat. Brain
Res 67:27–42.
Peng Y-Y (1998) Effects of mitochondrion on calcium transients at intact
presynaptic terminals depend on frequency of nerve firing. J Neuro-
physiol 80:186–195.
Peters A, Saint Marie RL (1984) Smooth and sparsely spinous non-
pyramidal cells forming local axonal plexuses. In: Cerebral cortex, Vol
1. Cellular components of the cerebral cortex (Jones EG, Peters A,
eds), pp 419–445. New York: Plenum.
Peters A, Palay SL, Webster HDeF (1991) The fine structure of the
nervous system: neurons and their supporting cells, Ed 3. Oxford, UK:
OUP.
Riveros N, Fieldler J, Lagos N, Munoz C, Orrego G (1986) Glutamate in
rat brain cortex synaptic vesicles: influence of the vesicle isolation
procedure. Brain Res 386:405–408.
Rockland KS (1989) Bistratified distribution of terminal arbors of indi-
vidual axons projecting from area V1 to middle temporal area (MT) in
the macaque monkey. Vis Neurosci 3:155–170.
Rockland KS (1995) Morphology of individual axons projecting from
area V2 to MT in the macaque. J Comp Neurol 355:15–26.
Rodman HR, Gross CG, Albright TD (1990) Afferent basis of visual
response properties in area MT of the macaque. II. Effects of superior
colliculus removal. J Neurosci 10:1154–1164.
Rusakov DA, Kullman DM (1998a) Extrasynaptic glutamate diffusion
in the hippocampus: ultrastructural constraints, uptake, and receptor
activation. J Neurosci 18:3158–3170.
Rusakov DA, Kullman DM (1998b) Geometric and viscous components
of the tortuosity of the extracellular space in the brain. Proc Natl Acad
Sci USA 95:8975–8980.
Schikorski T, Stevens CF (1997) Quantitative ultrastructural analysis of
hippocampal excitatory synapses. J Neurosci 17:5858–5867.
Shipp S, Zeki S (1989) The organisation of connections between area V5
and V1 in macaque monkey visual cortex. Eur J Neurosci 1:309–332.
Silver RA, Cull-Candy SG, Takahashi T (1996) Non-NMDA glutamate
receptor occupancy and open probability at a rat cerebellar synapse
with single and multiple release sites. J Physiol (Lond) 494:231–250.
Simoncelli EP, Heeger DJ (1998) A model of neuronal responses in
visual area MT. Vision Res 38:743–761.
Somogyi P, Kisvárday ZF, Martin KAC, Whitteridge D (1983) Synaptic
connections of morphologically identified and physiologically charac-
terised large basket cells in the striate cortex of cat. Neuroscience
10:261–294.
Sterio DC (1984) The unbiased estimation of number and sizes of arbi-
trary particles using the disector. J Microsc 134:127–136.
Stratford KJ, Tarczy-Hornoch K, Martin KAC, Bannister NJ, Jack JJB
(1996) Excitatory synaptic inputs to spiny stellate cells in cat visual
cortex. Nature 382:258–261.
Suarez HH, Koch C, Douglas RJ (1995) Modeling direction selectivity
of simple cells in striate visual cortex within the framework of the
canonical microcircuit. J Neurosci 15:6700–6719.
Tang Y-G, Zucker RS (1997) Mitochondrial involvement in post-tetanic
potentiation of synaptic transmission. Neuron 18:483–491.
Tarczy-Hornoch K, Martin KAC, Jack JJB, Stratford KJ (1998) Synap-
tic interaction between smooth and spiny neurons in layer 4 of cat visual
cortex. J Physiol (Lond) 508:351–363.
Ungerleider LG, Mishkin M (1979) The striate projection zone in the
superior temporal sulcus of Macaca mulatta: location and topographic
organisation. J Comp Neurol 188:347–366.
Uteshev VV, Pennefather PS (1997) Analytical description of the acti-
vation of multi-state receptors by continuous neurotransmitter signals
at brain synapses. Biophys J 72:1127–1134.
Xu T, Naraghi M, Kang H, Neher E (1997) Kinetic studies of Ca 2!
binding and Ca 2! clearance in the cytosol of adrenal chromaffin cells.
Biophys J 73:532–545.
Zeki S (1969) Representation of central fields in prestriate cortex of
monkey. Brain Res 19:63–75.
Zeki S (1974) Functional organisation of a visual area in the posterior
bank of the superior temporal sulcus of the rhesus monkey. J Physiol
(Lond) 236:549–573.








Connection From Cortical Area V2 to
MT in Macaque Monkey
JOHN C. ANDERSON* AND KEVAN A.C. MARTIN*
Institute for Neuroinformatics, University of Zürich and ETH Zürich,
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ABSTRACT
The extrastriate visual area of the macaque monkey called MT or V5, receives its input
from multiple sources. We have previously examined the synaptic connections made by V1
cells that project to MT (Anderson et al., 1998). Here, we provide a similar analysis of the
projection from V2 to MT. The major target of the V2 projection in MT is layer 4, where it
forms clusters of asymmetric (excitatory) synapses. Unlike the V1 projection, it also forms
synapses in layers 1 and 2 and does not form synapses in layer 6. The most frequently
encountered targets of boutons labeled from V2 were spines (67% in layer 4; 82% in layer 2/3).
Unusually, only 5/12 boutons examined in layer 1 actually formed synapses. Unlike the V1
projection, multisynaptic boutons were rare (mean, 1.1 synapses per bouton vs. 1.7 for the V1
projection). Like the V1 projection, the input to MT from any point in V2 is sparse (contrib-
uting approximately 4–6% of the asymmetric synapses in the densest clusters in layer 4). The
synapses of the V2 projection were similar in size to those of the V1 projection (0.1 !m2 vs.
0.09 !m2) and both formed more complex postsynaptic densities on spines than on dendritic
shafts. The clear differences between the V1 and V2 projection to MT indicate that their
functions are complementary rather than completely overlapping. J. Comp. Neurol. 443:
56–70, 2002. © 2002 Wiley-Liss, Inc.
Indexing terms: visual cortex; area MT; corticocortical; light and electron microscopy; synapse
morphology; postsynaptic target
The interconnections between cortical areas have been
intensively explored in the primate since anatomists be-
gan their concerted effort to trace these pathways at the
end of the 1960s. The extensive database that has since
emerged has been used to develop models of the basic
circuits of primate visual cortex, the most prominent of
which are hierarchical models (Rockland and Pandya,
1979; Friedman, 1983; Maunsell and Van Essen, 1983;
Felleman and Van Essen, 1991; Young, 1992; Jouve et al.,
1998; Sporns et al., 2000; Barone et al., 2000) that use
differences in the laminar patterns of interconnections to
define projections as feedforward, lateral, or feedback. The
anatomic studies have also formed the critical mass of
data that has been crucial for the functional exploration of
extrastriate visual cortex and for interpreting the results
from human functional imaging studies. In their extreme
simplification, the convenient divisions into feedforward,
feedback, and lateral may obscure subtle but important
differences between projections in a particular division. To
explore this possibility, we compare here the connections
made by two feedforward projections with the same target
area MT.
We have previously examined, at light and electron
microscopic level, the projection from V1 to MT, so for
comparative purposes, we made a similar analysis of the
projection from V2 to MT. The neurons that are the source
of this V2 projection have been identified by retrograde
transport of tracers (Lund et al., 1981; Maunsell and van
Essen, 1983; Ungerleider and Desimone, 1986). They are
pyramidal cells located mostly in layer 3B, with some
scattered in layers 2, 3A, and 5. With anterograde tracers
and light microscopy, Rockland (1995) found that both V1
and V2 axons terminate in the middle layers of MT, but
unlike the V1 axons, the V2 axons do not form collateral
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projections in layer 6. A subsequent electron microscopic
analysis (Anderson et al., 1998) indicated that the syn-
apses formed in MT by the V1 axons are mainly with spiny
dendrites (80%), with the remainder being with somata
and dendrites of smooth neurons The large terminal bou-
tons of the V1 afferents in MT were multisynaptic and
formed morphologically heterogeneous synaptic special-
izations. The results of the present study indicate that,
although there are basic similarities between the two pro-
jections, in that both have a dominant input to excitatory
neurons in layer 4 of MT, there are sufficient points of
difference to suggest that the feedforward pathways may
be interestingly heterogenous in the fine structure and
function of their connections.
MATERIALS AND METHODS
The material presented here was taken from two adult
female macaque monkeys (Macaca mulatta). Animals
were prepared for surgery after the administration of an
intramuscular premedication of xylazine (Rompun, Beye-
lar, 0.5 mg/kg)/ketamine (Ketalar, Parke Davis, 10 mg/
kg). This was followed by cannulation of a femoral vein for
the delivery of alphaxalone/alphadalone (Saffan, Glaxo) to
establish complete anaesthesia. Sterile surgery was car-
ried out in accordance with the guidelines of the Cantonal
Veterinary Authority of Zürich.
Each animal received pressure injections (!0.5 "l each)
of the neuronal tracers biotinylated dextran amine (BDA;
Molecular Probes, Leiden, The Netherlands) and Phaseo-
lus vulgaris leucoagglutinin (PHA-L; Vector Laboratories,
Burlingame, CA). One animal received four injections of
10% BDA in 0.01 M phosphate buffered saline pH 7.4
(PBS) and two of PHA-L in 10 nM phosphate buffer pH 7.4
(PB). The second animal received five and three injections
of the above, respectively. After a 14-day survival period,
the animals were very deeply anesthetized with i.v. pen-
tobarbital (20 mg/kg) and then perfused transcardially
with a normal saline solution, followed by a solution of 4%
paraformaldehyde, 0.3% glutaraldehyde, and 15% picric
acid in 0.1 M PB pH 7.4. The brain was removed from the
skull, and a block of cortex containing the injection site
and area MT was removed. The block was allowed to sink
in sucrose solutions of 10, 20, and 30% in 0.1 M PB.
Sections were cut from the block at 80 "m in the parasag-
ittal plane and collected in 30% sucrose in 0.1 M PB. The
sections were then freeze-thawed in liquid nitrogen and
washed in 0.1 M PB. We used standard procedures to
reveal the neuronal tracers. In brief outline; washes in
PBS were followed by 10% normal swine serum (NSS) in
PBS (1 hour). The antibody to PHA-L was diluted in the
above at 1:200 and exposed for 48 hours at 5°C. Further
washes in NSS preceded overnight exposure (5°C) to an
avidin-biotin complex (Vector ABC kit-Elite). The peroxi-
dase activity was identified by using 3,3-diaminoben-
zidene tetrahydrochloride (DAB). After assessment by
light microscopy, selected regions of tissue were treated
with 1% osmium tetroxide in 0.1 M PB. Dehydration
through alcohols (1% uranyl acetate in the 70% alcohol)
and propylene oxide allowed flat mounting in Durcupan
(Fluka) on glass slides.
Light microscopic observations of labeled axons were
carried out to locate and select regions of interest for
electron microscopy. We reconstructed individual collater-
als in the less densely innervated areas for correlated light
and electron microscopy. Serial ultrathin sections were
collected at 70-nm thickness on Pioloform-coated single-
slot copper grids. Labeled boutons were photographed at a
magnification of 21,000. Synapses and associated struc-
tures were classified by using conventional criteria. Col-
lections of serial sections were digitized and reconstructed
by using Trakem, an in-house EM-digitization package.
To measure and display the postsynaptic densities of la-
beled boutons, we used software developed by ourselves
which has been described in outline elsewhere (see Mate-
rials and Methods section; Anderson et al., 1998).
The estimates of labeled bouton density were derived by
using the physical disector method (Sterio, 1984). We se-
lected regions of particularly dense innervation by labeled
axons for re-embedding. Serial 70-nm-thick sections were
collected from these regions and a “reference” and “look-
up” section was selected. The reference and look-up sec-
tions were separated by one section. Photomicrographs
were taken with the electron microscope to form strips of
tissue, 12 to 16 images abutted together, or patches of
tissue, e.g., 2 # 8 images. All electron photomicrographs
were taken at 11,500# magnification. Synapses that were
in the reference section, but that disappeared in the
look-up section were counted. Synapses that were present
in both look-up and reference sections were not counted
(Sterio, 1984). However, all photographed labeled syn-
apses were used in some part of the following analysis.
RESULTS
Light microscopy
Each of two monkeys received pressure injections of
BDA and PHA-L into area V2 (area 18) along the crest of
the lunate gyrus (Fig. 1A). With one exception, needle
tracks were all confined to the gray matter of V2 and could
be followed through all laminae (Fig. 1B). In one animal,
the injections were made into the dorsal surface of V2, the
needle track being almost parallel to the cortical laminae.
Penetrations made in the second animal traversed the tip
of the gyrus and extended into the lunate sulcus (e.g., Fig.
1B). One track in this animal went through the white
matter. The resulting label spread over 5–7 mm mediolat-
erally. BDA labeling was poor at the injection site, but
PHA-L labeling was excellent. Labeling was densest along
the path of the penetrations. Most of the uptake was by
pyramidal cells of layer 2/3, covering most of the tip of the
gyrus, but labeled cell bodies were also found in layers 4,
5, and 6. Strong anterograde labeling was seen in striate
and extrastriate visual areas, including MT, along with
some pale-stained cell bodies (Fig. 2). The strongest trans-
port was to V1, where the retrograde labeling was similar
to that previously reported by Kennedy and Bullier (1985),
i.e., predominantly in layers 2/3 and 4B, with some sparse
cell bodies scattered along the layer 5/6 border. No cell or
terminal labeling was evident in layer 4. Patches of la-
beled axons and palely stained cell bodies were also seen
in the fundus and anterior bank of the lunate sulcus and
in the posterior bank of the superior temporal sulcus. The
distinctive myelination of MT was evident in the osmi-
cated sections, and the labeled axons terminated at a
point where MT forms a small bulge in the sulcus.
In area MT, the labeled axons entered from the white
matter and sometimes branched as they passed through
layers 5 and 6. On reaching layer 4, the axons branched
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extensively and formed synaptic boutons. This profusion
of axons and both en passant and terminaux boutons gave
an overall patchy appearance to the innervation site when
viewed at low power in the light microscope (Fig. 2). The
largest boutons were formed by axons with the thickest
diameter, but bouton size and axon diameter was highly
variable within layer 4.
Axons that projected into the more superficial layers
were more slender than the main trunks seen in layer 4.
They gave rise to en passant boutons of a fairly uniform
size (Figs. 2, 4A,B) spaced at fairly regular intervals. Most
of these axons terminated in or before upper layer 2/3.
Occasionally thicker axons, passing through layer 3,
branched before reaching layer 2 and produced a fanlike
arborization. The axon diameter in these superficial layer
axons reduced rapidly as they branched. A few axons
could be followed up to the top of layer 2 and into layer 1
(Fig. 7). Axons that branched in layer 2 and sent a projec-
tion to layer 1 were fine and produced small, mostly en
passant boutons. Axons that passed straight up to layer 1
without forming collaterals in layer 2 had larger boutons.
Layer 1 had the poorest tissue quality for light and elec-
tron microscopy.
Weak retrograde labeling (Fig. 2) was evident by palely
stained neuronal somata and proximal portions of the
dendrites, in some instances. These cells were sparse and
were clearly of a pyramidal morphology. The majority of
retrogradely labeled somata occurred in layer 6 and 2/3.
Less frequently somata could be seen within the elaborate
tangle of anterograde labeled axon collaterals in layer 4. It
was difficult to determine the nature of their morphology,
pyramidal or stellate, due to the light staining of the
somata and the intense staining of the labeled axon arbors
arising from the anterogradely labeled V2 projection. The
density of the labeling in layer 4 made it impossible to
reconstruct at a light microscope level extensive portions
of single axons. This density also made tight LM/EM cor-
relation impossible. Thus, we selected for EM analysis
areas of layer 4 with the densest labeling as determined in
the light microscope. This sample included the greatest
range of variation of bouton sizes for our EM study. The
projections to the superficial layers were sparser and this
enabled us to correlate light and electron microscopy.
Electron microscopy
We examined a total of 189 boutons from layers 1, 2/3,
and 4 (12 from layer 1, 64 from layer 2/3, and 113 from
layer 4). Of this sample, 133 boutons were serially sec-
tioned and completely reconstructed and the remaining 56
were used for estimates of synaptic density, where we
required only three sequential sections. A total of 199
labeled synapses were examined, all of which were asym-
metric (Gray’s type 1). We reproduced the electron pho-
tomicrographs of boutons from this study at approxi-
mately the same magnification as the images used in a
previous study of V1 afferent boutons in MT (Anderson et
al., 1998). This choice was made to facilitate a comparison
of the two projections to MT.
The reaction end product was dark, although of variable
intensity in different boutons. Vesicles and mitochondria
were clearly visible inside the boutons and the synaptic
clefts were not obscured by label. Myelinated axons were
also labeled, confirming that the antibody had penetrated
well, despite the insulating sheath. Small vacuoles formed
in labeled structures (e.g., Figs. 3A,B, 5A). Most boutons
were small (!0.5 "m diameter), compact structures con-
taining one or two mitochondria and a cluster of vesicles
over the region of the synaptic specialization (e.g., Figs. 3,
4, 6, 7). The synapse was indicated by the presence of
presynaptic vesicles, a synaptic cleft and a postsynaptic
density in the target structure. Occasionally, we saw a
density within the labeled bouton that was mirrored by a
Fig. 1. Location of injection sites. A: Schematic drawing of ma-
caque brain showing region in which injections were made (in zone
between filled circles) along the edge of the lunate sulcus. The V1/V2
border is indicated by the dotted line. B: Photomontage of light pho-
tomicrographs of parasagittal section of the lunate gyrus showing an
example of an injection site and label. The lunate sulcus is indicated
by an arrow and the V1/V2 border by a dotted line. Scale bar # 1 mm
in B.
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similar density within the target (Fig. 5A,B,C). In the
immediate vicinity of the presynaptic density, there were
no vesicles. This mirror-like configuration was always
seen close or adjacent to a conventional asymmetric syn-
apse and was classified as a puncta adherens (Peters et al.,
1991). We did not include these puncta in our reconstruc-
tions or estimates and measurements of synapses.
Spines. Serially sectioning the bouton, synapse, and
target structures greatly assisted in determining the type
of target that formed synapses with the labeled boutons.
We also used standard ultrastructural criteria to classify
targets (Peters et al., 1991). The most frequent targets
were small spines (Figs. 3, 4, 7). Occasionally, we were
able to trace spines back to a parent dendrite (Fig. 3B). A
second synapse from an unlabeled bouton was seen on six
of the spines and, in all cases, was of a symmetric mor-
phology (Gray’s type 2) (Fig. 3C). Only one spine was of the
short and neckless “sessile” variety. Spines were the sole
targets of the five synapses found in layer 1. Spine syn-
apses formed 58 of the 71 synapses examined in layer 2/3,
and 81 of the 121 synapses identified in layer 4.
Dendrites. Dendrites were also the targets of labeled
boutons. These were usually identified by reconstruction
from serial sections or by the presence of mitochondria
and microtubules. The majority of dendrites were of fairly
small caliber (!0.5–1 "m diameter) (Fig. 3E,D). The
larger diameter dendrites were more easily characterized,
although more infrequent (Fig. 3F). By using serial sec-
tions, dendrites could be grouped into two classes. One
class had little variation in diameter when reconstructed
Fig. 2. Light photomicrographs of cortical area V5 showing
Phaseolus vulgaris leucoagglutinin (PHA-L) -labeled axon termina-
tion zone. A: Labeled terminals form dense patches in layer 4 and
lesser projections into layer 3. Laminae and their boundaries are
indicated to the left and right. Lightly stained, retrogradely labeled
cell bodies are located in layers 3 and 6 (small arrows). B: Adjacent
section to A taken at higher-power magnification. The labeled fibres
branch profusely in layer 4 to form a dense network of axon collaterals
and terminals. Numerous small and large (small arrow) caliber axons
can be seen projecting through superficial layer 3. Laminae and their
boundaries are indicated to the left. Scale bars # 0.5 mm in A, 100 "m
in B.
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Fig. 3. Electron photomicrographs of Phaseolus vulgaris leucoag-
glutinin (PHA-L) -labeled electron dense axon and boutons located in
layer 4 of area V5. A–D: Examples of synapses formed with spines.
A: Two small boutons form asymmetric synapses (solid arrowheads)
with spines (sp). This bouton/target configuration was characteristic
of the majority of synaptic contacts seen in this study. Both boutons
and their target spines have a small profile, the bouton contains at
least one mitochondria and the remaining small space (usually above
the synapse) is vesicle filled. B: A labeled bouton forms an asymmetric
synapse (arrowhead) with a spine (sp), which can be traced back to the
parent dendrite (d) within the same section. C: A spine forms an
asymmetric synapse (large solid arrowhead) with a labeled bouton
and a symmetric synapse (open arrowhead) with an unidentified
bouton. A spine apparatus can be seen within the spine. For compar-
ison of synapses within the same picture an unidentified dendrite (d)
forms asymmetric (small solid arrowheads) and symmetric (small
arrow) synapses with unidentified boutons. D: Two spines (sp)
form asymmetric synapses (arrowheads) with a labeled bouton. The
spine to the right contains a clearly identifiable spine apparatus.
E,F: Examples of synapses formed with dendrites containing few
mitochondria, forming synapses infrequently and showing little vari-
ation in diameter. These features are characteristic of neurons with
spiny dendrites. E: A small caliber dendrite (d) forms an asymmetric
synapse with a labeled bouton (arrowhead). F: A large caliber den-
drite (d) forms an asymmetric synapse (arrowhead) with a labeled
bouton. Adjacent to the bouton is a labeled myelinated axon (m). Scale
bars ! 0.5 "m in A–F.
Fig. 4. Light and electron photomicrographs of Phaseolus vulgaris
leucoagglutinin (PHA-L) -labeled axon and boutons located in layer
2/3. A: Photomontage of a single ascending collateral taken from the
middle of layers 2 and 3. Numerous varicose swellings of the en
passant and terminaux types can be clearly seen along the axon
length. B: Light microscopic reconstruction of the collateral shown in
A. The border between layers 1 and 2 is approximately 200 !m from
the uppermost bouton, and the border between layers 3 and 4 is
approximately 400 !m from the lowest point of the reconstructed
axon. The box-shaped boundary represents the area shown in the
photomontage (A). C,D: Electron photomicrographs of labeled boutons
taken from the collateral shown in A. C: A small labeled bouton forms
asymmetric synapses (arrowheads) with two spines (sp). D: A labeled
bouton forms an asymmetric synapse (solid arrowhead) with a den-
drite (d), and an unidentified bouton forms an obliquely sectioned
symmetric synapse (open arrowhead) with the same dendrite. The
dendrite shows little variation in diameter, forms synapses infre-
quently, and contains few mitochondria. Neurons with spiny den-
drites show these features. Scale bars " 20 !m in A, 40 !m in B, 0.5
!m in C,D.
and formed few synapses, which is characteristic of the
spiny dendrites of excitatory neurons. Six of the 12 den-
dritic synapses in layer 2/3 were of this variety and 9 of 19
of the completely reconstructed synapses in layer 4 were
with spiny dendrites.
Another morphology of dendrite had a widely variable
diameter (Fig. 5). A fortuitous plane of section along the
length of such a dendrite make the changes in diameter
obvious (Fig. 5C). In others, the varicose form of the den-
drite was obvious after serial reconstruction. Such den-
drites usually contained numerous mitochondria and even
in single sections would form multiple synapses with other
unidentified boutons. These dendrites are quite character-
istic of neurons with smooth, varicose, or beaded dendrites
that contain the inhibitory neurotransmitter GABA (So-
mogyi et al., 1983; Peters and Saint Marie, 1984; Kisvár-
Fig. 5. Electron photomicrographs of Phaseolus vulgaris leucoag-
glutinin (PHA-L) -labeled boutons of layer 4 forming synapses with
dendrites that contained numerous mitochondria, form many syn-
apses, and have a smooth and beaded morphology. These are features
associated with GABA-ergic neurons with smooth dendrites. The mor-
phology of the dendrite was determined by serial section reconstruc-
tion. A: A large labeled bouton forms an asymmetric synapse (solid
arrowhead) and a puncta adherens (small arrow) with a dendrite (d).
The puncta appears as a density seen within the dendrite. It was
situated adjacent to the asymmetric synapse and opposite the sym-
metric synapse. The dendrite also forms a symmetric synapse (open
arrowhead) with an unidentified bouton. B: A higher-power photomi-
crograph of the dendrite (d) showing detail of the puncta and synapses
indicated in B. The two synapses are indicated as in A. The puncta can
be characterized by the density seen within the dendrite (black arrow)
and a similar density within the labeled bouton (white arrow; the
density appears gray against the black reaction product). Synaptic
vesicles are clearly absent in the vicinity of the density within the
bouton and present in the region presynaptic to the asymmetric
synapse. C: A labeled bouton forms a synapse (large arrowhead) with
a dendrite (d) that is of variable diameter. The dendrite contains
several mitochondria within the segment of greatest diameter, and
three asymmetric synapses (small solid arrowheads) form with un-
identified boutons as the dendrite narrows rapidly. One of the boutons
also forms a puncta (arrows) with the dendrite. Scale bars ! 0.5 "m
in A–C.
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day et al., 1985; Ahmed et al., 1997). A surprisingly high
proportion of serially reconstructed target dendrites had
the features of smooth (GABAergic) neurons. In layer 2/3,
6 of 12 labeled synapses formed on these dendrites, and 10
of 19 synapses (52%) in layer 4 formed on smooth den-
drites. By comparison, only 26% of the dendritic targets of
the V1 projection to MT were smooth dendrites (Anderson
et al., 1998). The only target that could be demonstrated to
receive multiple synapses (3) from a labeled bouton was a
smooth dendrite located in layer 2/3.
Somata. Only two neuronal somata were found to
form synapses with labeled boutons (Fig. 6). Both of these
synapses were from tiny boutons forming equally tiny
synapses. One of these target soma was located in layer 4
and contained few mitochondria and organelles of the
perikaryon and formed few synapses other than symmet-
ric synapses. These features are generally attributed to
neurons with spiny dendrites or excitatory neurons. The
second soma was in layer 2/3. It contained numerous
mitochondria, showed a lot of rough endoplasmic reticu-
lum and formed asymmetric synapses with nonlabeled
boutons. This finding is characteristic of a GABAergic cell
soma, where asymmetric synapses on the soma are com-
mon.
Layer 1. We examined two axons projecting to layer 1
(Fig. 7). One axon showed labeling of a quality as we had
seen in other laminae (left in Fig. 7A). The postsynaptic
densities and synaptic clefts were clearly identified (Fig.
7B). The labeling of the second axon was very intense
(right in Fig. 7A) and affected the structures surrounding
the bouton. Only one bouton and its synapse could be used
from this collateral (Fig. 7C). Only 5 of 12 of the optimally
preserved boutons examined from layer 1 showed any
synaptic specialization. However, the boutons all con-
tained mitochondria and were filled with vesicles. The
same collateral that provided most of the layer 1 data was
Fig. 6. Electron photomicrographs of labeled boutons in synaptic
contact with soma. A,B: Bouton and soma from layer 4. A: Low-power
electron photomicrograph of soma (s) forming an asymmetric synapse
(solid arrowhead) with a small labeled bouton. The soma contains few
mitochondria or organelles of the perikaryon and formed few synapses
other than symmetric synapses (open arrowheads). These features are
observed in excitatory neurons with spiny dendrites. B: High-power
image of detail of the asymmetric synapse (solid arrowhead) indicated
in A. C: Low-power electron photomicrograph of soma (s) from layer 3
in contact with labeled bouton (large arrowhead). The soma contained
numerous mitochondria and perikaryal organelles as well as forming
asymmetric synapses (small arrowheads) with unidentified boutons.
These features are associated with !-aminobutyric acid–containing
neurons with smooth dendrites. D: High-power view of the adjacent
section to that shown in C of the labeled bouton forming an asymmet-
ric synapse (large arrowhead). For comparison of synapses, an adja-
cent asymmetric synapse (small arrowhead) formed by an unidenti-
fied bouton is included. Scale bars " 1 #m in A,C, 0.5 #m in B,D.
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also examined in layer 2. Six labeled boutons located
slightly deeper (!10 "m) in the cortex at the border of
layers 1 and 2 were examined and all formed synapses.
Boutons in layer 1, synaptic or nonsynaptic, were also
invaded by one or sometimes two nonlabeled structures,
usually identifiable as boutons. All of the identified syn-
aptic targets in layer 1 were spines.
Postsynaptic density. Reconstructing the bouton and
its target gave us the opportunity to view the complete
postsynaptic density as a two-dimensional (2-D) or 3-D
structure. We have used this technique previously to ob-
tain values of the surface area of synapses (Anderson et
el., 1998). By focusing on the postsynaptic specialization
rather than the presynaptic membrane, we avoided detail
being obscured by reaction end-product in the bouton. We
show a 2-D projection of the postsynaptic densities in
Figure 8. There was no difference seen in the distributions
of the areas of synapses made with the two main target
types, spines and dendrites. Both had a mean of approxi-
mately 0.09 "m2. When comparing synapses from differ-
ent laminae, the distributions overlapped considerably
(Fig. 9). Nevertheless, the layer 2/3 synapses were signif-
icantly smaller (mean, 0.076 "m2; SEM, 0.004) than those
of layer 4 (mean, 0.107 "m2; SEM, 0.008) (P # 0.0008, two
tailed t test). This significant difference was caused
mainly by the higher frequency of very small synaptic
areas seen in layers 2/3.
The postsynaptic density can be perforated giving it a
doughnut or horseshoe morphology, as opposed to a simple
disc. Figure 8 shows that the synapses with the more
complex morphology are often formed with spines. A sim-
ilar observation was made in the study of synapses made
by V1 afferent boutons in area MT. However, the synapses
formed by the V2 afferent boutons did not reach the de-
gree of variety seen for the synapses of V1 boutons (Ander-
son et al., 1998). The mean size of the synapses of V2 in
layer 4 (mean, 0.107 "m2; SEM, 0.008) was slightly larger
than that of the V1 boutons in layer 4 (mean, 0.093 "m2;
SEM, 0.007) (Fig. 10), but the difference was not signifi-
cant (P # 0.2, two tailed t test). The synapses of V1
Fig. 7. Reconstructions and electron photomicrographs of the most
superficially projecting Phaseolus vulgaris leucoagglutinin (PHA-L)
-labeled axons. A: Two light microscopic reconstructions of axons
projecting to layers 1 and 2. The axon on the left produces many
collaterals and varicose swellings in layer 2 and continues with a
smaller projection into layer 1. The axon on the right projects directly
to layer 1 before producing collaterals or swellings. The laminae are
indicated to the left. B: A labeled layer 1 bouton taken from the
left-hand axon shown in A. The bouton forms an asymmetric synapse
(arrowhead) with a spine (sp) and wraps around the circumference of
the spine. C: A labeled layer 1 bouton taken from the right-hand axon
shown in A forming an asymmetric synapse (solid arrowhead) with a
spine (sp). Only half of the bouton swellings of layer 1 examined in the
electron microscope formed synapses, although all were filled with
vesicles. Scale bars # 10 "m in A, 0.5 "m in B,C.
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boutons in MT tended to show more perforations. This
condition gave the V1 synapses a more fragmented ap-
pearance. Some spines would form two synapses with V1
boutons, on opposite sides of the same spine head. The V1
synapses formed with somata were small, but beneath one
bouton, there could be up to five separate active zones.
Target types. The most frequently encountered tar-
get of V2 labeled boutons were spines. The difference
between boutons from the different principal laminae of
innervation was the proportion of spines to dendrites as
targets (Fig. 11). For this reason, we have not pooled the
data from different laminae. In layer 4, 67% of the labeled
Fig. 8. Two-dimensional projection of the reconstructed postsynaptic densities found on spines, soma,
and dendrites postsynaptic to V2-labeled boutons in area V5. The densities are ordered by increasing
surface area. Scale bar ! 1 "m.
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synapses were formed with spines and 31% formed with
dendritic shafts. This compares well with the quantitative
disector analysis of layer 4, where we discovered that 65%
of the targets that form asymmetric synapses were spines,
with dendritic shafts forming the remaining 35% (n !
419). In layer 2/3, 82% of the synapses were formed with
spines and 17% with dendritic shafts. A disector analysis
was not made for layers 2/3. Neuronal somata accounted
for approximately 1% of synaptic targets in both laminae.
As indicated above (see Dendrites), smooth neurons pro-
vided approximately half of the dendritic shaft targets in
layers 4 and 2/3. The two sections used for the disector
analysis of layer 4 were too few to permit an accurate
subdivision of the dendritic shafts into smooth and spiny
types. Serial reconstructions indicated that most boutons
made only one synapse and only rarely more than two
synapses (Figs. 3D, 4C, 12). On average, there were 1.1
synapses per labeled bouton.
Synaptic density measurements. To estimate the
relative proportion of synapses being contributed by V2 to
area MT, we made an unbiased stereologic analysis of
layer 4. We selected two sections from one animal in which
the labeling was particularly dense. In Figure 2, we see
that the terminal labeling in layer 4 has a patchy appear-
ance. We selected regions from within the densest patches
for our analysis by using the unbiased disector method
(Sterio, 1984). We counted only those labeled synapses
that disappeared in the “look-up” section when compared
with a near adjacent “reference” section. Although the
blocks of tissue used for re-embedding were selected from
the densest zones of innervation, the distribution of la-
beled synapses in any ultrathin section could vary greatly.
If the disector region was selected by using nonbiased
features such as the edge of the tissue or a scratch on the
block face, we counted no labeled synapses. If we selected
the location of the disector by finding a labeled bouton and
then sampling in the vicinity, we counted 5% (11 of 218)
and 4.9% (10 of 205) of disappearing labeled synapses. The
form of the disector altered the number of observations.
Fig. 9. Histogram of the distribution of postsynaptic areas ("m2)
formed by labeled V2 boutons in layers 2/3 (n ! 53) and 4 (n ! 46) of
areaV5.
Fig. 10. Histogram of the distributions of postsynaptic areas ("m2)
formed by labeled V1 (n ! 81) and V2 (n ! 46) boutons in layer 4 of
area V5.
Fig. 11. Histogram of the synaptic targets of labeled V2 boutons in
area V5. For layer 2/3, n ! 53; for layer 4, n ! 46.
Fig. 12. Histogram of the number of synapses formed per labeled
bouton in layers 2/3 and 4 of area V5.
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Strips of tissue tended to give lower values (3.8%; 8 of 211)
than patches of tissue (6.2%; 13 of 211). This may indicate
that even the most prolifically innervated regions of layer
4 have another, local level of “ultrastructural” organiza-
tion.
Axons and myelin. The conduction times from V1 to
MT are known (1.0–1.7 msec, Movshon and Newsome,
1996), but those for the V2 projection are not. As the axon
diameter gives some indication of the relative conduction
velocities of the axons, we compared the diameters of
axons originating in V1 with those originating in V2. We
measured in the light microscope the axon diameters of
axons labeled from V1 and V2 as they entered MT but
before they branched in the gray matter (Fig. 13). Axons
originating in V1 and V2 have similar diameters. The
terminal arbors also show a reduction in diameter, and
this could also contribute significantly to the conduction
times. We used electron microscopy to examine the diam-
eters of the myelinated segments of the terminal arbors in
layer 4 (Fig. 14) and found that again the V1 and V2 axons
were comparable. These findings suggest that the axon
conduction velocities of the two projections may be quite
similar.
DISCUSSION
Both the V1 and the V2 projection to MT are classified
as “feedforward” projections in that their dominant target
is layer 4 of MT. However, they also differ in several
important respects, including the fact that the layers of
origin in the two areas are different. The V1 projection
originates from large pyramids in 5–6 and the spiny stel-
late and pyramidal cells of layer 4B (Elston and Rosa,
1997), whereas the V2 projection originates mainly from
pyramidal cells in layer 3B (Lund et al., 1981; Maunsell
and Van Essen, 1983; Ungerleider and Desimone, 1986;
Shipp and Zeki, 1989). Unlike the V1 axons, the V2 axons
did not innervate the deep layers, and unlike the V1
projection, V2 did innervate the superficial layers, includ-
ing layer 1. This finding confirms the pattern of the V2 to
MT described previously by Rockland (1995). At the ultra-
structural level, we discovered that the V2 axons did not
form the elaborated and large multisynaptic boutons of
the V1 projection to layer 4 (Anderson et al., 1998). The
smaller boutons of the V2 projection could reflect a com-
paratively diminished activity of the V2 vs. the V1 path-
way.
In some important respects, the differences between the
V1 and V2 projection to MT mirror those of the thalamic
projections to V1, where the relay cells in the parvicellular
and magnocellular layers of the dorsal lateral geniculate
nucleus provide the input to layers 4 and 6 through large
multisynaptic boutons (Winfield et al., 1982, Freund et al.
1989), whereas the koniocellular layers project to layers
1–3. As yet, however, we only know a fragment of physi-
ology of the V1 neurons that project to MT and nothing of
the neurons that project from V2. In a “rather trying”
study, Movshon and Newsome (1996) used antidromic ac-
tivation to identify 12 V1 neurons projecting to MT. Most
Fig. 13. Histogram of the distributions of diameters of labeled V1
and V2 axons near the border between the white matter and layer 6.
All measurements were made with the light microscope by using a
100! oil immersion objective.
Fig. 14. Relationship between axon diameter and the thickness
("m) of the associated myelin sheath. All measurements were made in
layer 4. A: Nonlabeled (open squares) and V2 labeled (filled diamonds)
axons in area V5. B: Labeled axons in V5 originating from neurons
located in areas V1 (open squares) and V2 (filled diamonds).
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of these neurons were strongly directional, had special
complex receptive fields, and were unusually sensitive to
low contrast characteristic of the magnocellular pathway.
The equivalent study in V2 has yet to be done, but it seems
plausible that as with the different thalamocortical
streams, each path conveys different aspects of a given
stimulus to the target area. The difference in termination
pattern would then reflect the differences in local process-
ing required for the given signal, differences in the further
destinations of the signal, or both.
If the retrogradely filled cells in V1 included those that
project to MT, they might have contributed to the labeling
in V2. However, PHA-L or BDA did not give Golgi-like
filling of the local axon collaterals of the retrogradely
labeled neurons. Together with the above observations of
the key differences between the V1 and V2 projections to
MT, it was highly unlikely that retrogradely filled cells
contributed to the axonal labeling in MT. The proportion
of synapses contributed by the injected area in V2 was
tiny, only approximately 4–6% of all excitatory synapses
in the densest portions of the terminal arbors. However, it
is clear that this underestimates the contribution of V2 to
MT, because there is extensive convergence of V2 neurons
upon MT (Shipp and Zeki, 1985) and our localized injec-
tions would label only a subset of these.
The ultrastructural features of the synapses and their
targets indicate that the V2 axons in layer 4 form putative
excitatory synapses with spiny (putative excitatory) neu-
rons. The electron microscopic analysis showed that, in
layer 2/3, there was a decrease in the number of dendritic
shafts that were targets. This may simply reflect a differ-
ent selectivity of the presynaptic axons in the different
layers. Alternatively, there may simply be fewer spines
in layer 4 with which they can form synapses. Some
support for this idea comes from the studies of Elston
and Rosa (1997), which indicate that pyramidal cells in
layer 3 of MT have larger basal dendrites and slightly
higher peak spine densities (7.95 spines/10 !m) than
the equivalent layer 3 (4B) pyramids in area 17 (5.79
spines/10 !m). This increased density may provide for
more spine targets for the V2 projection to the superfi-
cial layers of MT.
The more complicated geometry of the postsynaptic den-
sity on spine synapses, which we first noted for the V1
projection to MT, was repeated in the V2 projection, albeit
in a less florid form. The reason for the frequent appear-
ance of a doughnut or horseshoe-shaped postsynaptic den-
sity on spines, in particular, remains unclear, but one
possibility is that it constitutes some optimal geometry for
the diffusion of neurotransmitter to both synaptic and
possibly extrasynaptically located receptors (see Discus-
sion section in Anderson et al., 1998). Thus, an analysis of
the spatial distribution of the various receptor subtypes in
these synapses might be fruitful.
The clustering of terminals in layer 4 of the V2 projec-
tion is typical of many cortical projections. The projection
from V1 to MT also clusters in layer 4 (Rockland, 1989)
and so might interdigitate with the V2 projection, but, as
yet, there is no evidence for this. Earlier studies on the
cells of origin of the V1 projection in layers 4B and 6
indicated that the cells were not clearly organized in slabs
or blobs (Lund et al., 1975; Shipp and Zeki, 1989), but
recent work of Boyd and Casagrande (1999) does show the
projection cells co-aligned with cytochrome blobs in three
species, including macaque. The V2 projection to MT
arises from clusters of neurons that lie within regions of
intense cytochrome oxidase staining, known as the “thick
stripes” (Livingstone and Hubel, 1983). MT itself shows
indications of clustered physiology in the macaque, e.g.,
neurons with common direction preference are clustered
together (Albright et al., 1984). In MT of the owl monkey,
distinct functional and anatomic columns exist for pro-
cessing local vs. wide field motion (Berezovskii and Born,
2000). This parallelism is a familiar picture in V1 and V2
and evidently is found even in apparently more special-
ized visual areas like MT.
Although the properties of neurons in different cortical
areas have been extensively studied, the role of the mul-
tiple interareal connections remains obscure. Rostral
visual areas receive convergent projections from the pos-
terior areas, which themselves are extensively intercon-
nected. Thus, for example, area MT receives direct projec-
tions from all the caudal visual areas, including V1, V2,
V3, V3A, VP, PO, and V4 (see Felleman and Van Essen,
1991). These same areas also receive feedforward connec-
tions from their more caudal relations. Neurons in MT, in
common with other rostral areas, receive feedforward in-
puts that are temporally staggered in onset and can be
tens to hundreds of msec in duration. The earliest activa-
tion is found in V1; subsequently, neurons in V3 and MT
become active; and then, even later, neurons in V2 and V4
become active (Raiguel et al., 1989, 1999; Munk et al.,
1995; Nowak et al., 1995; Schmolesky et al., 1998).
In all of these areas, the latency and duration of the
response also varies according to laminar location of the
neurons. Part of the differences of latency of response may
be due to conduction times. As yet, the transmission times
of the intra-areal axons have only been measured, with
difficulty, for the feedforward projection from V1 to MT
(Movshon and Newsome, 1996). An additional clue to the
conduction times comes from measurements of the diam-
eter and myelination of the axons.
Rockland (1995) commented on the much smaller cali-
ber of the myelinated axons originating in V2 compared
with those originating in V1 ("1 !m vs. "3 !m). The
largest pyramidal cells in V1, the Meynert cells, project to
MT (Fries et al., 1985) and are likely to have very large
axons. Our light microscopic measurements of the diam-
eter of the axons in the white matter beneath MT indi-
cated that, although there are indeed some very large
axons, they can arise from both V1 and V2. Sampling from
this population indicates that, on entering MT, the V2
axons have similar diameters to the V1 axons (mean di-
ameter: V2 # 1.6 !m, V1 # 1.7 !m). Because a significant
length of an axon is also contained in its terminal arbor,
where the axons branch extensively and become thinner,
the terminal arbor might contribute significantly to the
total conduction time. A comparison at electron micro-
scope level of the myelinated portions of the terminal
arbors in layer 4 indicated that the diameter of V1 and V2
collaterals were also comparable. Taken altogether, its
seems that whatever differences of axon diameter might
exist at their source, these differences are virtually
washed out by the time the axons reach MT. This find-
ing means that the spread of visual latencies in MT is
probably more due to the times of processing within the
antecedent visual areas and not in the transmission
times.
The role of the multiple projections to single extrastri-
ate cortical areas remains speculative. Of course, it is
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supposed that the different streams bring different com-
ponents to the computation being carried out by local
circuits. Functionally, however, it has been difficult to
separate out the different sources of input to MT. When
the input to MT from V1 is removed, by ablation (Rodman
et al., 1990) or cooling (Girard et al., 1992), some function
remains. However, this residual function cannot be car-
ried by the V2 projection, because V2 itself is silenced by
inactivation of V1 (Schiller and Malpeli, 1977; Girard and
Bullier, 1989), thus, it is possible that the V2 projection to
MT provides some overlapping functions with the projec-
tion from V1.
Interesting evidence for the V2 pathway to MT has
emerged from human studies. For example, Vaina et al.
(2000) have studied a patient with a selective lesion in V2.
He was found to be impaired in several motion tasks,
including those involving first order, but not second-order
motion. One possible interpretation is that the loss of the
V2 input to MT produces this effect. One human model
that uses the V2 connection as the major drive to MT is
that of Friston and Buchel (2000). Their evidence from
human functional magnetic resonance imaging was that
the hemodynamic responses recorded in the human MT
and in posterior parietal cortex are enhanced by attention
during visual motion, but the responses in pulvinar and
V2 are not. They proposed a model in which the connection
between V2 and MT was modulated by afferents of the
parietal cortex. In their model, V2 and pulvinar provided
“driving” inputs to MT, whereas the posterior parietal
cortex provided an attentional signal that augmented the
V2 input in a nonlinear way. Their model indicates that
the activity in the posterior parietal cortex could account
for a significant component of the V5 responses under
conditions of attention. In this model, the V2 afferents
have no different role from “driving” inputs from any other
cortical area, e.g., V1. Nevertheless, such models offer a
means of exploring this interesting question in other pri-
mate species.
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ABSTRACT
The V2 projection to V3A was labeled by pressure microinjecting biotinylated dextran
amine (BDA) and Phaseolus vulgaris lectin (PHA-L) into V2 just posterior to the lunate
sulcus. Dense terminal labeling in clusters was found in layer 4, with a weaker terminal
projection in layer 3. About 3.5–4.1% of the synapses in the densest bouton clusters in layer
4 were made by labeled boutons. All were asymmetric (Gray’s type 1) synapses, made by
spiny, excitatory neurons. The most frequently encountered synaptic targets were spines
(76% in layer 4, 98% in layer 2/3). The remainder of the synaptic targets were dendritic
shafts, of which just less than half (44%) had the characteristic ultrastructure of smooth
(inhibitory) cells. Multisynaptic boutons were rare (mean synapses per bouton for layer 4 1.2,
for layer 2/3 1.1). The mean size of the postsynaptic densities found on spines (0.11 !m2) was
not significantly different from that for dendrites (0.09 !m2). In terms of their type, laminar
location, number, and targets, the synapses that formed the V2 projection to V3A are typical
of a major, excitatory, feedforward projection of macaque visual cortex. J. Comp. Neurol. 488:
320–330, 2005. © 2005 Wiley-Liss, Inc.
Indexing terms: visual cortex; area V3A; corticocortical; light and electron microscopy; synapse
morphology; postsynaptic target
In studies of visual processing in extrastriate cortex in
the monkey, the areas V2, V4, and MT (V5) have received
the most intense scrutiny. An early study by Zeki (1978a)
in macaque showed that, in the proportions of orientation
and motion selective cells, V3A was indistinguishable
from V2, V3, and V4. Area V4 stood out by having large
numbers of color-sensitive cells, whereas MT was promi-
nent because of its large numbers of direction-selective
cells. With the development of functional imaging, one of
the areas that emerges with some prominence in imaging
studies in both humans and monkeys is V3A, which shows
strong activation with motion and depth stimuli and has
high contrast sensitivity (Tootell et al., 1997; Backus et
al., 2001; Tsao et al., 2003). In humans, the functional
magnetic resonance imaging (fMRI) data indicate that
V3A appears to be more sensitive to motion than in mon-
keys (Tootell et al., 1997; Orban et al., 2003).
There are relatively few single-unit studies of V3A in
the macaque. With anesthetized monkeys, Gaska et al.
(1988) found that the spatial frequency tuning was similar
to that of V1 neurons for the same eccentricity and that
the temporal frequency tuning was low-pass. These prop-
erties led them to suppose that V3A forms part of the
ventral pathway to V4 and inferotemporal cortex. Against
this, Zeki (1978a) noted that V3A neurons have no color
sensitivity, suggesting rather a role in the dorsal stream
to parietal cortex. Indeed, Galletti and Battaglini (1989)
found neurons in V3A of behaving monkeys whose re-
sponses were modulated by eye position. Nakamura and
Colby (2000, 2002) also emphasized the role of V3A neu-
rons in coordinate transformations for retinal and eye
position. In addition, some neurons carried memory- and
saccade-related signals. Attention and expectation of re-
ward modulate the responses of V3A neurons (Thiele et
al., 1999; Nakamura and Colby, 2000).
Area V3A is richly connected to surrounding cortical
areas and also makes reciprocal connections with frontal
eye fields (Schall et al., 1995; Stanton et al., 1995). It
receives feedforward connections from caudal cortical ar-
eas, including a sparse connection from V1 (Zeki, 1978b;
Van Essen et al., 1986), and a strong input from V2 (Gat-
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tass et al., 1997) and V3 (Felleman et al., 1997). If V1 is
cooled, V3 stops responding to visual stimulation, but
many neurons in V3A continue responding (Girard et al.,
1991). After V1 inactivation, residual activity is found in
MT, to which V3A is reciprocally connected (Girard et al.,
1991). In addition to MT in the dorsal stream, V3A is also
connected to lateral intraparietal area (LIP; Cavada and
Goldman-Rakic, 1989; Andersen et al., 1990; Blatt et al.,
1990, Morel and Bullier, 1990, Baizer et al., 1991; Naka-
mura et al., 2001), dorsal prelunate area (Andersen et al.,
1990), medial superior temporal area (MST; Boussaoud et
al., 1990), and fundus of the superior temporal visual area
(FST; Boussaoud et al., 1990) and the parietooccipital area
(PO; Colby et al., 1988; Shipp et al., 1998). V3A also has
reciprocal connections to areas of the ventral stream, in-
cluding ventral posterior area (VP, Felleman et al., 1997),
V4 (Felleman and Van Essen 1983), and TEO (Morel and
Bullier, 1990; Webster et al., 1994).
From both physiological and anatomical evidence, it is
clear that V3A lies at a key crossroads in the extrastriate
circuit. Surprisingly, however, nothing is known of the
synaptic profile of any input to V3A. In the present study,
we examined quantitatively the synapses formed in V3A
by one of its major feedforward inputs, that arising in V2,
and provide comparisons, where possible, with other
quantitative electron microscopic studies of projections in
extrastriate cortex.
MATERIALS AND METHODS
The material presented here was taken from two adult
female macaque monkeys (Macaca mulatta). Animal
treatment and surgical protocols were carried out in ac-
cordance with the guidelines of the Kantonales Veteri-
naeramt of Zürich. The projection from V2 to MT in these
same two animals has been described (Anderson and Mar-
tin, 2002), and the following procedures are identical.
Animals were prepared for surgery after the administra-
tion of an intramuscular premedication of xylazine
(Rompun; Beyelar; 0.5 mg/kg)/ketamine (Ketalar; Parke
Davis; 10 mg/kg). This was followed by cannulation of a
femoral vein for the delivery of alphaxalone/alphadalone
(Saffan; Glaxo) to establish complete anesthesia.
Each animal received pressure injections (!0.5 "l each)
of the neuronal tracers biotinylated dextran amine (BDA;
Molecular Probes, Leiden, The Netherlands) and Phaseo-
lus vulgaris leucoagglutinen (PHA-L; Vector Laboratories,
Burlingame, CA). One animal received four injections of
10% BDA in 0.01 M phosphate-buffered saline (PBS), pH
7.4, and two of PHA-L in 10 nM phosphate buffer (PB), pH
7.4. The second animal received five injections of BDA and
three injections of PHA-L. Both tracers were used in order
to assess their relative merits in a study of this type. The
tracers were injected into area V2 (area 18) along the crest
of the lunate gyrus (see, e.g., Anderson and Martin, 2002;
see Fig. 1). With one exception, needle tracks were all
confined to the gray matter of V2, and the label could be
followed through all laminae. In one animal, the injections
were made into the dorsal surface of V2, the needle track
being almost parallel to the cortical laminae. Penetrations
made in the second animal traversed the tip of the gyrus
and extended into the lunate sulcus (see, e.g., Anderson
and Martin, 2002; see Fig. 1B). One track in this animal
went through the white matter.
After a 14-day survival period, anesthesia was again
induced with ketamin/xylazine, and the monkeys were
deeply anesthetized with i.v. pentobarbital (20 mg/kg) and
immediately perfused transcardially with a normal saline
solution, followed by a solution of 4% paraformaldehyde,
0.3% gluteraldehyde, and 15% picric acid in 0.1 M PB, pH
7.4. The brain was removed from the skull, and a block of
cortex containing the injection site and area V3A was
removed. The block was allowed to sink in sucrose solu-
tions of 10%, 20%, and 30% in 0.1 M PB. Sections were cut
from the block at 80 "m in the parasagittal plane and
collected in 30% sucrose in 0.1 M PB. The sections were
then freeze-thawed in liquid nitrogen and washed in 0.1 M
PB. We used standard procedures to reveal the neuronal
tracers. In brief outline; washes in PBS were followed by
10% normal swine serum (NSS) in PBS (1 hour). The
biotinylated antibody to PHA-L was diluted in the above
at 1:200 and exposed for 48 hours at 5°C. Further washes
in NSS preceded overnight exposure (5°C) to an avidin-
biotin complex (Vector ABC Elite Kit), which precludes
the need for a secondary antibody. The peroxidase activity
was identified by using 3,3-diaminobenzidene tetrahydro-
chloride (DAB). After assessment by light microscopy
(LM) selected regions of tissue were treated with 1% os-
mium tetroxide in 0.1 M PB. Dehydration through alco-
hols (1% uranyl acetate in the 70% alcohol) and propylene
oxide allowed flat mounting in Durcupan (Fluka) on glass
slides.
LM observations of labeled axons were carried out to
locate and select regions of interest for electron micros-
copy (EM). We reconstructed individual collaterals in the
less densely innervated areas for correlated LM and EM.
Serial ultrathin sections were collected at 70 nm thickness
on Pioloform-coated single-slot copper grids. Labeled bou-
tons were photographed at a magnification of #21,000.
Synapses and associated structures were classified by us-
ing conventional criteria. Collections of serial sections
were digitized and reconstructed using Trakem, an in-
house EM digitization package. To measure and display
the postsynaptic densities of labeled boutons, we used
software developed by ourselves, which has been de-
scribed in outline elsewhere (see Materials and Methods
in Anderson et al., 1998).
The estimates of labeled bouton density were derived us-
ing the physical disector method (Sterio, 1984). We selected
regions that were densely innervated by labeled axon for
reembedding. Serial 70-nm-thick sections were collected
from these regions, and a reference section and a look-up
section were selected. The reference and look-up sections
were separated by one section. Photographs were taken with
the electron microscope to form patches of tissue, e.g., 2 # 8
images. All electron micrographs were taken at #11,500.
Synapses that were in the reference section but that disap-
peared in the look-up section were counted. Synapses that
were present in both look-up and reference sections were not
counted (Sterio, 1984). Adobe Photoshop CS and Adobe Il-
lustrator CS were used to prepare digital photomicrographs
and enhance image contrast.
RESULTS
LM
The pressure injections into V2 immediately posterior to
the lunate sulcus resulted in label spread over 5–7 mm
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mediolaterally. BDA labeling was poor at the injection
site, but PHA-L labeling was excellent. From this we
assume that the axons seen in V3A were labeled with
PHA-L. Labeling was densest along the path of the pene-
trations. Most of the uptake was by pyramidal cells of
layer 2/3, covering most of the tip of the gyrus, but labeled
cell bodies were also found in all other layers. Strong
anterograde labeling was seen in striate and extrastriate
visual areas, including V1, V3A, and V5, along with some
pale retrogradely stained cell bodies. The strongest trans-
port was to V1, where the retrograde labeling was similar
to that previously reported by Kennedy and Bullier (1985),
i.e., predominantly in layers 2/3 and 4B, with some sparse
cell bodies scattered along the layer 5–6 border. No cell or
terminal labeling was evident in layer 4 of V1. The border
between areas V3 and V3A was identified as the axon
clustering found in the lunate sulcus (Felleman et al.,
1997; Fig. 6B), in one case in the fundus and in the other
case in the anterior bank of the lunate sulcus (Fig. 1).
Beck and Kaas (1999) consider V3 and V3A to be part of
a single dorsomedial visual area, identified anatomically
by its dense myelin staining. Despite the fact that the
osmium gave excellent staining of myelin, we were unable
to distinguish V3A from surrounding areas on the basis of
differences in myelin staining. The border between these
two visual areas, V3 and V3A, represents the vertical
meridian (Adams and Zeki, 2001). Because of the retino-
topic correspondence in connections, we expected to see
labeled axons close to the representation of the vertical
meridian at the V3–V3A border, where the labeled axons
were indeed found. No labeling was seen at the V2–V3
border, where the horizontal meridian is represented.
In area V3A, the labeled axons entered from the white
matter. On reaching layer 4, most of the axons branched
extensively and formed synaptic boutons (Fig. 2). Layer 4
was identified by dark staining in the osmicated material
and by a dense granular appearance in the Nissl-stained
material. These features also coincided with the highest
density of labeled terminations. Labeled axons (!0.5 "m)
traversed extensively within layer 4. Seen in EM, many
axons possessed a thick coating of myelin. This profusion
of myelinated axons, fine bouton-bearing axons, and both
en passant and terminaux boutons gave an overall patchy
appearance to the innervation site of one animal when
viewed at low power in the light microscope. However, this
patchiness was less distinct that that seen in area V5 or
MT in the same material (see Anderson and Martin, 2002;
Fig. 2). In the second animal, the axon labeling in layer 4
was confined to the fundus of the sulcus, adjacent to la-
beling in area V3 (Fig. 1).
Axons that projected into the more superficial layers
were more slender than the main trunks seen in layer 4.
They gave rise to mostly en passant boutons of a fairly
uniform size spaced at fairly regular intervals. Most of
these axons terminated in or before upper layer 2/3. Oc-
casionally, thicker axons, passing through layer 3,
branched before reaching layer 2 and produced a radially
aligned, fanlike arborization. The axon diameter in these
superficial layer axons was reduced rapidly as they
branched.
Weak retrograde labeling was evident as palely stained
neuronal somata and proximal dendrites, in some in-
stances. These cells were sparse and were clearly of a
pyramidal morphology. The majority of retrogradely la-
beled somata occurred in layer 2/3, occasionally in layer 6.
Fig. 1. Drawings of two parasagittal sections (A,B) from macaque
brain and a photomicrograph (C) from one of these sections. Indicated
are region in which injections were made along the edge of the lunate
sulcus and the region from which labeled axons were sampled for
electron microscopic analysis (arrows). The borders between visual
areas are indicated by a dashed line. D, dorsal; A, anterior. Scale
bar # 1 mm.
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One spiny stellate cell and one star pyramidal cell were
found within the cloud of axons near the layer 3–4 border.
The density of the labeling in layer 4 made it impossible to
reconstruct at LM level extensive portions of single axons.
This density also made tight LM/EM correlation impossi-
ble. Thus, we selected for EM analysis areas of layer 4
with the densest labeling as determined in the light mi-
croscope. The projections to the superficial layers were
sparser, and this enabled us to correlate LM and EM.
EM
We sampled a total of 106 boutons from layers 2/3 and 4
(48 from layer 2/3 and 58 from layer 4). All were serially
sectioned and completely reconstructed. In total, 120 la-
beled synapses were examined, all of which were asym-
metric (Gray’s type 1). We reproduce the electron micro-
graphs of boutons in this study at approximately the same
magnification as the images used in previous studies of V1
and V2 afferent boutons in MT (Anderson et al., 1998;
Anderson and Martin, 2002), to facilitate a comparison
with other corticocortical projections we have studied in
the macaque.
The reaction end product was dark, though of variable
intensity, in different boutons. Vesicles and mitochondria
were clearly visible inside the boutons, and the synaptic
clefts were not obscured by label. Myelinated axons were
also labeled, confirming that the antibody had penetrated
well, despite the insulating sheath. Some axons were my-
elinated right up to the synaptic bouton. Most boutons
were small (!0.5 "m diameter), compact structures con-
taining one or two mitochondria and a cluster of vesicles
over the region of the synaptic specialization (see, e.g.,
Figs. 3, 4). The synapse was indicated by the presence of
presynaptic vesicles, a synaptic cleft, and a postsynaptic
density in the target structure. Occasionally, we saw a
density within the labeled bouton that was mirrored by a
similar density within the target. In the immediate vicin-
ity of the presynaptic density, there were no vesicles. This
mirror-like configuration was always seen close or adja-
cent to a conventional asymmetric synapse and was clas-
Fig. 2. Light micrographs of cortical area V3A showing PHA-L-
labeled axon termination zone. A: Labeled terminals form dense band
in layer 4 and lesser projections into layer 3. Laminae and their
boundaries are indicated to the left and right. B: Section from a
second monkey at higher magnification. The labeled fibers branch
profusely in layer 4 to form a dense network of axon collaterals and
terminals. Laminae and their boundaries are indicated at right. Scale
bars # 0.1 mm in A; 50 "m in B.
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Figure 3
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sified as a puncta adherens (Peters et al., 1991). We did
not include these puncta in our reconstructions or esti-
mates and measurements of synapses.
Spines. Serially sectioning the bouton, synapse, and
target structures greatly assisted in determining the type
of target that formed synapses with the labeled boutons.
We also used standard ultrastructural criteria to classify
targets (Peters et al., 1991). The most frequent targets
were small spines (Figs. 3, 4). Occasionally, we were able
to trace spines back to a parent dendrite (Figs. 3A, 4E). A
second synapse from an unlabeled bouton was seen on five
spines and in all cases was of a symmetric morphology
(Gray’s type 2). All five dual-input spines were located in
layer 4 (Fig. 3D,E). Spine synapses formed 52 of the 53
synapses examined in layer 2/3 and 51 of the 67 synapses
identified in layer 4.
Boutons sometimes had the target spine or part of the
spine embedded within the bouton (Figs. 3C, 4B,C,E). We
have previously reported similar observations in the case
of the V1 afferent boutons in MT. The synapses in MT
were complex, highly perforated, and extensive (see Fig. 8
in Anderson et al., 1998). The synapses in V3A were not as
complex as those found on V1 boutons in MT but were
quite extensive and often covered a large part of the spine
that was embedded or “pinched” into the bouton (Figs. 3C,
4B,C,E).
Dendrites. Dendrites were also the targets of labeled
boutons. These were usually identified by reconstruction
from serial sections or in individual sections by the pres-
ence of mitochondria and microtubules. Most dendrites
were about 0.5 !m diameter (Fig. 3E), the largest mea-
suring "0.9 !m diameter. Reconstructions of serial sec-
tions indicated that there were two basic classes of target
dendrites. One class possessed spines and had dendritic
shafts that showed little variation in diameter when re-
constructed. The shaft formed few synapses, which is
characteristic of the spiny dendrites of excitatory neurons
(Fig. 3E). The sole dendritic synapse in layer 2/3 and 9 of
16 of the completely reconstructed synapses in layer 4
were formed with such spiny dendrites.
The other class of dendritic target had a morphology
that differed markedly from that of the putative spiny
dendrites. Such dendrites varied greatly in diameter in
the serial reconstructions; they usually contained numer-
ous mitochondria and, in single sections, could form mul-
tiple synapses with other unidentified boutons (Fig. 3F).
These dendrites are quite characteristic of neurons with
smooth, varicose dendrites that contain the inhibitory
neurotransmitter #-aminobutyric acid (GABA; Somogyi et
al., 1983; Peters and Saint Marie, 1984; Kisvárday et al.,
1985; Ahmed et al., 1997). A high proportion of serially
reconstructed target dendrites in layer 4 had the features
of smooth (putative GABAergic) neurons; 7 of 16 synapses
(44%) formed on smooth dendrites. By comparison,
smooth dendrites formed 26% of the dendritic targets of
the V1 projection to MT and 52% of the dendritic targets of
the V2 projection to MT (Anderson et al., 1998; Anderson
and Martin, 2002).
Postsynaptic density. Reconstructing the bouton and
its target gave us the opportunity to view the complete
postsynaptic density as a 2-D or 3-D structure. We have
used this technique previously to obtain values of the
surface area of synapses (Anderson et el., 1998; Anderson
and Martin, 2002). By focusing on the postsynaptic spe-
cialization rather than the presynaptic membrane, we
avoided detail being obscured by the reaction end product
in the bouton. The postsynaptic density can be perforated,
giving it a doughnut or horseshoe morphology rather than
that of a simple disc. Figures 5 and 6 show that the
synapses with the more complex morphology are usually
formed with spines.
The 2-D projection of all the postsynaptic densities is
shown in Figures 5 and 6. There was little difference in
the distributions of the areas of synapses made with the
two main target types in layer 4, spines and dendrites
(P $ 0.08, two-tailed t-test). Spine synapses had a mean
area of 0.11 !m2 compared with 0.09 !m2 for synapses
with dendritic shafts. In comparisons of synapses from
different laminae, the distributions overlapped consider-
ably (Fig. 7). The layer 2/3 synapses (mean 0.110 !m2,
SEM 0.008) were not significantly different from those of
layer 4 (mean 0.101 !m2, SEM 0.006; P $ 0.4, two-tailed
t-test). The V2 boutons forming synapses with spines in
layer 4 of areas V3a (mean 0.108 !m2, SEM 0.007) and MT
(mean 0.107 mm2, SEM 0.01) were not significantly dif-
ferent (P $ 0.9, two-tailed t-test). However, the spine
synapses in layer 2/3 of V3a (mean 0.11 !m2, SEM 0.008)
were significantly larger than those in layer 2/3 of MT
(mean 0.08 !m2, SEM 0.005; P $ 0.005, two-tailed t-test).
The mean size of the pooled synapses from V2 in layer 4
of V3A (mean 0.101 !m2, SEM 0.006) was slightly less
than that of the synapses of boutons from V2 in layer 4 of
MT (mean 0.107 !m2, SEM 0.008), but the differences
were not significant (P $ 0.89, two-tailed t-test). In single
sections, some spines appeared to form two synapses with
labeled boutons on opposite sides of the same spine head
(Figs. 3C, 4B,E), but on reconstruction this proved to be a
single synapse formed by a single bouton.
Target types. The most frequently encountered tar-
gets of V2 labeled boutons were spines. There was a dif-
Fig. 3. Electron micrographs of PHA-L-labeled electron-dense
axon and boutons located in layer 4 of area V3A. A–D: Examples of
synapses formed with spines. A: Two boutons en passant form asym-
metric synapses (solid arrowheads) with spines (sp). One of the spines
can be traced back to the small parent dendrite (d). Spines were the
most frequent synaptic target seen in this study: small to medium-
sized boutons targeted small spines, the labeled bouton containing at
least one mitochondria, and the remaining space (usually above the
synapse) is vesicle filled. B: Two spines (sp) form asymmetric syn-
apses (solid arrowheads) with a labeled bouton. The postsynaptic
density of the uppermost spine does not appear as a continuous
structure but instead appears to be perforated or complex. This spine
also contains a spine apparatus. C: A spine is partially embraced by a
small labeled bouton that forms a perforated asymmetric synapse
(solid arrowheads) with a spine (sp). D: A spine forms an asymmetric
synapse (solid arrowhead) with a labeled bouton and a symmetric
synapse (open arrowheads) with an unidentified bouton. The uniden-
tified bouton also forms a symmetric synapse with a small dendrite
(d). E,F: Examples of synapses formed with dendrites. E: A small-
caliber dendrite (d) and a spine (sp) form asymmetric synapses (solid
arrowheads) with a labeled bouton. Dendrites such as this containing
few mitochondria, forming synapses infrequently, and showing little
variation in diameter are characteristic of neurons with spiny den-
drites. The spine also forms a symmetric synapse (open arrowhead)
with an unidentified bouton. F: A large caliber dendrite (d) forms an
asymmetric synapse (solid arrowhead) with a labeled bouton and a
symmetric synapse (open arrowhead) with an unidentified bouton.
The dendrite contains many mitocondria, forms many synapses,
and has a beaded morphology. These features are characteristic of
putative GABAergic neurons with smooth dendrites. Scale bars $
0.5 !m.
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Fig. 4. Light and electron micrographs of PHA-L-labeled axon and
boutons located in layer 2/3 of area V3A. A: Photomontage of an
intensely labeled ascending collateral taken from layers 2 and 3.
Numerous varicose swellings of the en passant and aux terminaux
types can be clearly seen along the axon length. B–E: Electron micro-
graphs of labeled boutons taken from the area between and inclusive
of the branched collateral shown in A. Each bouton forms an asym-
metric synapse (arrowheads) with a spine (sp). E: A labeled bouton
forms an asymmetric synapse (arrowhead) with a spine. The spine can
be traced back to the parent dendritic shaft (d). Scale bars ! 10 "m in
A; 0.5 "m in B–E.
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ference in the proportion of spines to dendrites as targets
for the different laminae of innervation (Fig. 7). For this
reason, we have not pooled the data from the two laminae.
In layer 4, 76% of the labeled synapses were formed with
spines and 24% with dendritic shafts, whereas, in layer
2/3, 98% of the synapses were formed with spines and 2%
with dendritic shafts (Fig. 8).
As indicated above (see above under Dendrites), smooth
neurons provided just under half of the dendritic shaft
targets in layer 4. Serial reconstructions indicated that
most boutons made only one synapse and only rarely more
than two synapses (Fig. 9). On average, there were 1.1 and
1.2 synapses per labeled bouton in layers 2/3 and 4, re-
spectively.
The same electron micrographs of labeled synaptic bou-
tons and their targets were used to estimate the propor-
tion of synapses formed with spines and dendrites in the
neuropil of V3A. We found that, in layer 4 (n ! 282) and
layer 3 (n ! 242), 63% and 86% of synapses, respectively,
were formed with spines and the remainder with dendritic
shafts. The dendritic profiles could be classed as either
putative GABAergic smooth neurons or spiny neurons. We
based our classification of the dendrites on serial recon-
structions. For layers 4 and 3, we found 21% and 9%,
respectively, of all targets to be putative GABAergic neu-
rons (56% of dendrites in layer 4 and 60% in layer 3). We
compared the labeled and nonlabeled synapses and the
synapses of layer 3 and layer 4 by using a contingency
table analysis. The proportions of targets of pooled layer
3 synapses were significantly different from those of
pooled layer 4 targets (P " 0.001). Labeled and nonla-
beled synapses from layer 4 showed no significant dif-
ference in the distribution of their target types (P "
0.05). The corresponding analysis for the targets of
layer 3 synapses could not be performed because of low
counts (n " 5) for labeled dendritic targets. The pooled
data from labeled layers 3 and 4 was not significantly
different from the pooled nonlabeled data from layers 3
and 4 (P " 0.05).
To estimate the relative proportion of synapses being
contributed by V2 to area V3a, we made an unbiased
stereological analysis of layer 4. We selected one section
from each animal in which the labeling was particularly
dense. In Figure 2 we show the terminal labeling in layer
4. We selected regions from within the densest patches of
terminal innervation for our analysis with the unbiased
disector method (Sterio, 1984). Although the blocks of
tissue used for reembedding were selected from the dens-
est zones of innervation, the distribution of labeled syn-
apses in any ultrathin section could vary greatly. If the
disector region was selected by using nonbiased features,
such as the edge of the tissue or a scratch on the block face,
we counted no labeled synapses. If we selected the location
of the disector by finding a labeled bouton and then sam-
Fig. 5. Two-dimensional projection of the reconstructed postsynaptic densities found in layer 4 on
spines and dendrites postsynaptic to labeled V2 boutons in area V3A. The densities are ordered by
increasing surface area. Scale bar ! 1 #m.
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pling in the vicinity, we counted 3.5% (2 of 57) and 4.1% (7
of 169) of disappearing labeled synapses. This provides
between two and six labeled V2 synapses per 10 ! 10 ! 10
"m cube of layer 4 in V3A.
DISCUSSION
We have shown that the projection from V2 to V3A,
which is classified as “feedforward,” forms asymmetric
(excitatory) synapses principally with spiny (excitatory)
neurons in layer 4, with a smaller projection almost ex-
clusively to spiny neurons in layer 3. At the LM level, the
terminal labeling in V3A was as strong as we have seen
for any extrastriate projection we have studied (Anderson
et al., 1998; Anderson and Martin, 2002). Counts of the
Fig. 7. Histogram of the distribution of postsynaptic areas ("m2)
formed by labeled V2 boutons in layers 2/3 (n # 54) and 4 (n # 46) of
area V3A.
Fig. 8. Histogram of the synaptic targets of labeled V2 boutons in
area V3A [for layer 2/3 (n # 53) and for layer 4 (n # 46)].
Fig. 6. Two-dimensional projection of the reconstructed postsynaptic densities found in layer 2/3 on
spines and dendrites postsynaptic to labeled V2 boutons in area V3A. The densities are ordered by
increasing surface area. Scale bar # 1 "m.
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identified synapses in the zones of densest labeling in layer
4 revealed that about 4% of the synapses originated from V2.
This is similar to the proportion of labeled synapses found in
layer 4 of MT after these same injections in V2 (Anderson
and Martin, 2002). Both of these are comparable to the
proportion of thalamic synapses in layer 4C of V1 (Latawiec
et al., 2000) and slightly more than the 3% found for the
projection from V1 to MT (Anderson et al., 1998). Thus the
contribution of synapses from V2 to V3A is as numerous as
any feedforword projection in primate visual cortex.
Rockland et al. (1999) estimated the contribution of
pulvinocortical synapses in the lunate sulcus to be 0.18%
of all excitatory synapses. Their estimate, based on LM
observations in combination with ultrastructural data on
V1 from other sources, may seem small compared with the
3–5% for the V2-V3A projection, but, as we have pointed
out, the numbers are very location dependent. Our esti-
mates are derived from the regions of high bouton density,
whereas, if we select a region of layer 4 at random, the
chances of finding even one labeled synapse are remote.
A feature of feedforward projections to layer 4, such as the
thalamic projection to V1 or the V1 projection to V2 or the V2
projection to V3A and MT, is that they form segregated,
stripe-like patches. For example, the ocular dominance
stripes in the case of the thalamus, and the V1 projection
segregates into thick, thin, and pale stripes seen in V2 after
cytochrome oxidase staining. This tendency of the afferents
to segregate themselves into mutually exclusive territories
suggests that, in layer 4 at least, each stripe is an indication
that only one afferent dominates the territory. Thus, in the
case of the V2 projection to V3A, it is likely that no other area
would form patches that overlap with the same stripes
formed by the V2 projection. Instead, it is likely that a second
projection would interdigitate in much the same way that
thalamic afferents representing the left and right eyes do in
V1. The second source of afferents is not known, but it must
be another feedforward projection if it ends in layer 4. Be-
cause V3A appears early in the hierarchy of visual areas, the
only possible candidates are V1 and V3. The projection from
V1 is sparse (Zeki, 1978b; Van Essen et al., 1986), but, like
the projection from V2 (Gattass et al., 1997), the projection
from V3 is substantial (Felleman et al., 1997), and it is likely
that it forms a feedforward projection to layer 4 that inter-
dgitates with that from V2.
The mean surface area of synapses formed in layer 4 with
spines was as large (0.101 !m2) as the spine synapses
formed by V2 axons in layer 4 of MT (0.107 !m2; Anderson
and Martin, 2002) but was smaller than those formed by V1
axons in layer 4 of MT (0.127 !m2; Anderson et al., 1998).
However, there was a large range in the size of the postsyn-
aptic density for all projection synapses examined, both in
MT and in V3A (see, e.g., Fig. 8 in Anderson et al., 1998; Fig.
8 in Anderson and Martin, 2002). In general, the largest
synapses had a more elaborate shape than the simpler disk
shape found for smaller synapses. The largest synapses are
formed with spines, and this means that spine synapses may
appear more elaborate than those commonly found on the
dendritic shaft. Although the significance of these differ-
ences in shapes and sizes has yet to be elucidated, experi-
ments in hippocampal slice cultures indicate that larger
excitatory postsynaptic current (EPSCs) are correlated with
larger postsynaptic densities (Schikorsky and Stevens,
1997), so the measurements of synaptic densities in neocor-
tex may provide insights into the comparative efficacy of
synapses originating in different pathways.
The difference in the target neurons between layer 4 and
layer 3 was unusual. From our evidence, only the V2 projec-
tion to layer 4 forms synapses with smooth (putative
GABAergic) neurons, which were about 10% of the targets.
The V2 projection to the superficial layers formed synapses
exclusively with spiny neurons. We noted a similar trend,
albeit not quite so marked in the projection of V2 to MT, in
which 15% of the targets in layer 4 were smooth neurons,
whereas, in layer 3, only 8% of the targets were smooth
neurons. This raises the question of whether the same set of
fibers provides this differential input to the two layers. From
our data, it seems that single fibers do span the layer 3–4
border, but, in general, too many fibers were labeled to be
able to trace any single fiber over several sections. Thus, we
cannot be sure that there is not a population that arborizes
exclusively in layer 3, as seems to be the case in the projec-
tion from V1 to V2 (Rockland and Virga, 1990). One addi-
tional difference between layer 3 and layer 4 was that, in
layer 4, five of the target spines formed a second synapse
with an unlabeled bouton. The second synapse was always
symmetric. We had observed this same configuration in the
context of the thalamic input to cortex (Dehay et al., 1991).
Despite the fact that spines were the exclusive target in
layer 3, we found no dual-input spines.
Physiological studies of macaqueV3A indicate that the
neurons are not color sensitive (Zeki, 1978a) and that,
compared with the case in MT, the proportion of direction-
selective neurons is low (Zeki, 1978a; Galletti et al., 1990).
Nevertheless, behavioral studies show that there are neu-
rons in V3A sensitive to eye position (Galletti and Batta-
glini, 1989; Nakamura and Colby, 2000, 2002). Attention
and expectation of reward in a task involving motion judg-
ments modulate the responses of V3A neurons (Thiele et
al., 1999; Nakamura and Colby, 2000). Thus, one view of
V3A is that it forms a component of a visuosomatomotor
pathway to the premotor cortex (Shipp et al., 1998). How-
ever, given the anatomical evidence of V3A’s connections
to the inferotemporal cortex and the physiological evi-
dence from Gaska et al. (1988) that the temporal fre-
quency tuning was low-pass, both the input and the out-
put from V3A might be more heterogeneous than the
traditional divisions into dorsal and ventral processing
streams would imply. Given the anatomical and func-
tional segregation of V2 (DeYoe and Van Essen, 1985;
Shipp and Zeki, 1985; Hubel and Livingstone, 1987; Ts’o
et al., 2001), it would be interesting to know which subdi-
visions of V2 provide the input to V3A.
Fig. 9. Histogram of the number of synapses formed per labeled
V2 bouton in layers 2/3 and 4 of area V3A.
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ABSTRACT
The major target of the V4 projection in V2 is layer 1, where it forms a tangential spread
of asymmetric (excitatory) synapses. This is characteristic of a “feedback” projection. Some
axons formed discrete clusters of bouton terminaux between lengths of myelinated axon,
while others were unbranched and formed a continuous distribution of en passant boutons
with no intercalated myelin. Minor projections were found in layers 2/3 and 6. Dendritic
spines were the most frequently encountered targets of the V4 projection (80% in layer 1 and
layer 2/3, 94% in layer 6). The remaining targets were dendritic shafts. In layer 1, 69% of
target dendrites (12% of all targets) had characteristics identifying them as smooth (GABAer-
gic) cells. In layer 2/3 and layer 6 virtually all the shaft synapses were on smooth dendrites
(86% and 100%, respectively). Multisynaptic boutons were rare (mean 1.1 synapses per
bouton). Synapses formed in layer 6 were smaller than those of layer 1 (mean area 0.073 !m2
vs. 0.117 !m2). Synapses formed with spines had a more complex postsynaptic density than
those formed with dendritic shafts. With respect to targets and synaptic type and size and
morphology of synapses, the feedback projection from V4 to V2 resembles those of feedfor-
ward projections. The principal difference between the feedforward and feedback projection
is in the lamina location of their terminal boutons. The concentration of the V4 projection on
layer 1, where it forms asymmetric synapses mainly with spines, suggests that it excites the
distal apical dendrites of pyramidal cells. J. Comp. Neurol. 495:709–721, 2006.
© 2006 Wiley-Liss, Inc.
Indexing terms: visual cortex; area V2; corticocortical; light and electron microscopy; synapse
morphology; postsynaptic target
The existence of “feedback” cortical projections that are
thought to perform “top-down” operations has long been
known. Although these projections are a crucial part of the
interpretation of behavioral and physiological studies,
surprisingly little is known of the details of these projec-
tions. In the primate cortex such projections have been
defined mainly on the basis of their pattern of termination
in the different laminae of the target cortical area. Unlike
“feedforward” projections, whose canonical pattern is to
terminate principally in layer 4, the feedback projections
terminate outside layer 4, with layer 1 being a prominent
target. These projections have been studied mainly at the
light microscope level and much of what we know about
the details of individual axonal arborizations comes from
the extensive reconstructions of feedback and feedforward
projections made by Rockland and colleagues (reviewed in
Rockland, 1994, 1997). Their reconstructions of the feed-
back axons from V4 to V2 indicate that layers 1, 2, and 6
are the preferred layers of innervation and this laminar
organization seems to be a cardinal feature of the feedback
projections seen at the single fiber level. An additional
feature of the feedback projection noted in a number of
studies is that they are more divergent, spreading over a
wider territory than the feedforward projections (Kru-
bitzer and Kaas, 1989; Shipp and Zeki, 1989a,b; Suzuki et
al., 2000; Stettler at al., 2002). The studies of Rockland at
the single fiber level also indicate such divergence in the
feedback connections, including those from V4 to V2
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(Rockland et al., 1994). Presumably these features reflect
basic differences in the functional role of the two types of
intracortical projection.
The projection from V2 to V4 has been extensively stud-
ied because it is part of the fan-out from early visual areas
to the dorsal and ventral processing streams. Staining V2
with the mitochondrial enzyme cytochrome oxidase pro-
vided evidence for stripe-shaped compartments within V2
(Livingstone and Hubel, 1982), which reflect differences in
the input from V1 (Sincich and Horton, 2005) and the
output projections from V2 to anterior visual areas. Thick
and thin stripes alternate and are separated by paler
staining interstripes. The thick stripes project mainly to
area V3 and V5, while the thin stripes and interstripes
project to V4 (Shipp and Zeki, 1985, 1989a,b; De Yoe and
Van Essen, 1985). Interestingly, the visual latencies of
neurons in V2 are closely correlated with their position
with the stripes (Munk et al., 1995). Neurons in thick and
pale stripes respond on average 20 ms before those in the
thin stripes.
The projection from V4 to V2 is far less well studied and
there are no studies at the ultrastructural level. Here we
studied the projection of individual axons and groups of
axons at the light (LM) and electron (EM) microscope
level. Our motivation was to gather at the ultrastructural
level clues as to the differences between the feedforward
projections we have studied previously and the feedback
projections. By taking a classic feedback pathway, we
could describe quantitatively the synaptic organization
and so provide a direct comparison of feedforward projec-
tions. This study shows that with respect to their target
neurons, and the size and density of synapses, the V4 to
V2 projection is similar to the feedforward projections
from V1 to MT, V2 to V3A, and V2 to MT. Unlike the
feedforward projections, the feedback projection seldom
forms patches in its terminal layers. Its concentration in
layer 1 suggests that it connects principally to the distal
apical dendrites of pyramidal cells.
MATERIALS AND METHODS
The material presented here was taken from two adult
male macaque monkeys (Macaca mulatta). Animal treat-
ment and surgical protocols were carried out in accor-
dance with the guidelines of the Kantonal Veterinaeramt
of Zurich. The following procedures are similar to those
used in Anderson and Martin (2002). Animals were pre-
pared for surgery after the administration of an intramus-
cular premedication of xylazine (Rompun, Beyelar, 0.5
mg/kg)/ketamine (Ketalar, Parke Davis, 10 mg/kg). This
was followed by cannulation of a femoral vein for the
delivery of alphaxalone/alphadalone (Saffan, Glaxo) to es-
tablish complete anesthesia.
Each animal received ionophoresed injections of the
neuronal tracer biotinylated dextran amine (BDA) (Molec-
ular Probes, Eugene, OR). One animal received four injec-
tions of 10% BDA in 0.01 M phosphate-buffered saline, pH
7.4 (PBS). The second animal received seven injections.
The BDA was delivered from a glass micropipette using a
pulsed ionophoretic current of 2–4 mA over a 7–10-minute
period. After a 14-day survival period the animals were
very deeply anesthetized with intravenous (i.v.) pentobar-
bital (20 mg/kg) and then perfused transcardially with a
normal saline solution, followed by a solution of 3.5%
paraformaldehyde, 0.8% glutaraldehyde, and 15% picric
acid in 0.1 M PB, pH 7.4. The brain was removed from the
skull and a block of cortex containing the injection site and
areas V1/V2 was removed. The block was allowed to sink
in sucrose solutions of 10, 20, and 30% in 0.1 M PB, then
freeze-thawed in liquid nitrogen and washed in 0.1 M PB.
Sections were cut from the block at 80 !m in the parasag-
ittal plane and collected in 0.1 M PB. We used standard
procedures to reveal the neuronal tracers. In brief outline,
washes in PBS were followed by 10% normal swine serum
(NSS) in PBS (1 hour). Further washes in NSS preceded
overnight exposure (5°C) to an avidin-biotin complex (Vec-
tor Laboratories, Burlingame, CA; ABC kit, Elite). The
peroxidase activity was identified using 3,3-
diaminobenzidene tetrahydrochloride (DAB). After as-
sessment by light microscopy, selected regions of tissue
were treated with 1% osmium tetroxide in 0.1 M PB.
Dehydration through alcohols (1% uranyl acetate in 70%
alcohol) and propylene oxide allowed flat mounting in
Durcupan (Fluka, Buchs, Switzerland) on glass slides.
Light microscopic observations of labeled axons were
carried out to locate and select regions of interest for
electron microscopy. We reconstructed individual collater-
als in the less densely innervated areas for correlated light
and electron microscopy. Serial ultrathin sections were
collected at 60 or 70 nm thickness on Pioloform-coated
single slot copper grids. Labeled boutons were photo-
graphed at a magnification of 21,000. Synapses and asso-
ciated structures were classified using conventional crite-
ria (Peters et al., 1991). Collections of serial sections were
digitized and reconstructed using Trakem, an in-house
EM-digitization package. To measure and display the
postsynaptic densities of labeled boutons we used software
developed by ourselves, described in outline elsewhere
(see Materials and Methods; Anderson et al., 1998).
The estimates of labeled bouton density were derived
using the physical disector method (Sterio, 1984). We se-
lected regions of particularly dense innervation by labeled
axon for reembedding. Serial 70-nm-thick sections were
collected from these regions and a “reference” and “look-
up” section was selected. The reference and look-up sec-
tions were separated by one section. Photographs were
taken with the electron microscope to form patches of
tissue, e.g., 5 " 5 images. Five different patches of cortex
were photographed in this way, ranging in area from
500–1,070 !m2. All electron micrographs were taken at
11,500". Synapses that were in the reference section, but
that disappeared in the look-up section, were counted.
Synapses that were present in both look-up and reference
sections were not counted (Sterio, 1984). Adobe Photoshop
CS (San Jose, CA) and Adobe Illustrator CS were used to




Each of two monkeys received ionophoretic injections of
BDA into area V4 along the edge of the prelunate gyrus
and close to the lunate sulcus (Fig. 1A). Ionophoretic in-
jections were all confined to the gray matter of V4 and
BDA label could be seen in all laminae (Fig. 1B) except
layers 1 and 2, which made it impossible to identify the
precise laminar location of the cells of origin of the projec-
tion to V2. In both animals the injections were made into
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the dorsal surface of V4; approaching from directly above
the gyrus and passing through cortex to run parallel with
the laminae in the anterior bank of the sulcus, or from a
more lateral position and passing through the thickness of
cortex. In the latter case one ionophoretic site was very
close to the white matter (Fig. 1B), although the label was
taken up by layer 6 neurons and a few cells in the white
matter. BDA labeling was excellent at the injection site. In
one animal the labeling was densest at the site of iono-
phoresis (Fig. 1B). In the second animal the labeling was
densest in a halo of processes around the site of ionophore-
sis. Most of the uptake was by pyramidal cells of layers
2/3, 5, and 6.
Myelin on axons provides a barrier to the penetration of
the reagents and thus were not stained other than at their
cut ends, nodes, or where the beaded collaterals emerged.
However, because the osmium staining enhanced the con-
trast of the myelinated fibers, they could be followed
through the neuropil.
Anterograde labeling was seen in extrastriate visual
areas along with some pale-stained somata deep in layer 6
and occasionally layer 3 of the superior temporal sulcus.
In one animal the strongest anterograde transport was to
V2 where the fibers entered from the white matter and,
with minor branchlets in layer 6, passed directly through
all cortical laminae until layer 1, where they divided to
produce long rays of aligned fibers that coursed through
layer 1 for several millimeters. Most of the fibers appeared
to traverse layer 1 toward the tip of the gyrus in the
direction of the V1/V2 border, although many had clearly
been sectioned, contributing to the puncta-like appear-
ance of the innervation site. The axons showed numerous
distinct varicose swellings that proved to be synaptic bou-
tons. Occasionally, collaterals descended from the areas of
dense innervation in layer 1 to form additional boutons in
layer 2/3. There was also a rather sparse innervation of
layer 6 by very fine collaterals, which had tiny varicose
swellings. No cell or terminal labeling was evident in
other layers. In the second animal, two collaterals passed
through layer 1 in V2, where they traversed several mil-
limeters of layer 1, climbing to the tip of the gyrus to
almost the V1/V2 border.
The profusion of axons and en passant and terminaux
boutons in layer 1 did not present the typically patchy
appearance to the innervation characteristic of feedfor-
ward projections. Although occasional individual axons
did form clusters (Fig. 3B,C), most axons radiated through
layer 1 to form an extensive homogenous tangle of pro-
cesses (e.g., Figs. 1C, 2A, 4A,B). The density of the inner-
vation of layers 2 and 3 fell away rapidly with lateral
distance from the main projection zone in layer 1.
Fig. 1. Location of injection sites. A: Schematic drawing of a ma-
caque brain showing region in which injections were made (filled
circles) in the prelunate gyrus. The border between visual areas V1
and V2 is indicated by a dotted line. B: Photomontage of parasagittal
section through prelunate gyrus of macaque brain showing five injec-
tion sites in area V4. Axes indicate: dorsal (D), anterior (A). C: Light
micrograph showing labeled axon termination site in layer 1 of V2.
Scale bars ! 1 mm in B; 25 "m in C.
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Fig. 2. Light and electron micrographs taken from cortical area V2
showing BDA labeled axons and their terminals. A: Labeled terminals
form dense band in layer 1 and lesser projections into layer 2/3. A
large-caliber labeled axon can be seen rising through the cortex to
arborize from an intensely labeled node in layer 1. Laminae and their
boundaries are indicated to the left. B: Light microscopic reconstruc-
tion of large-caliber axon seen in A. The reconstruction is made from
a single 80-!m-thick section. Laminae and their boundaries are indi-
cated to the right. C–F: Electron photomicrographs of labeled boutons
taken from layers 1 and 2 shown in A. C: Low-power picture of large
labeled bouton in layer 2 adjacent to the thick parent axon (a) seen in
A and B. The bouton forms a synapse with a spine (sp). The axon
appears not labeled due to the axon being covered with a myelin
sheath. The axon is visible in the LM because the myelin is stained by
the osmium. D: A medium-sized labeled bouton in layer 2 forms an
asymmetric synapse (solid arrowhead) with a spine (sp). E: A small
labeled bouton in layer 2 forms an asymmetric synapse (solid arrow-
head) with a small spine (sp). F: A large labeled bouton forms a
perforated asymmetric synapse (solid arrowheads) with a spine (sp).
Scale bars " 25 !m in A; 50 !m in B; 1 !m in C; 0.5 !m in D–F.
Electron microscopy
We examined a total of 145 boutons, including 90
boutons from layer 1, 27 from layer 2/3, and 28 from
layer 6. Of this sample, 136 single boutons were seri-
ally sectioned and completely reconstructed so that
the area of the synaptic density could be measured.
The remaining nine boutons were not sufficiently
complete for quantification of their synapses, but were
used in the assessment of synaptic targets. All synapses
Fig. 3. Light and electron micrographs of BDA-labeled axon and
boutons located in layer 1 of area V2. A: Photomicrograph showing
collateral and varicose swellings of axon in layer 1. B: Light micro-
scopic reconstruction of axon (seen in A) forming arbors restricted to
layer 1. The box-shaped boundary (C) represents the area shown in
the photomicrograph in A and the reconstructed detail shown in C.
C: A light microscopic reconstruction of a single clustered arbor shown
in A and highlighted in the reconstruction in B. The varicose swellings
or boutons were restricted to the arbors. D–F: Examples of synapses
formed with spines and dendrites. D: A labeled bouton forms an
asymmetric synapse (solid arrowhead) with a spine (sp) that can be
traced back to the parent dendrite (d). E: A small labeled bouton forms
an asymmetric synapse (solid arrowhead) with a small spine (sp). F: A
labeled bouton forms asymmetric synapses with a spine (sp) and a
dendritic shaft (d). Following the dendrite through serial sections
showed that it contained numerous mitochondria and formed syn-
apses with unidentified boutons. Such dendrites belong to GABA
containing neurons with smooth dendrites. Scale bars ! 25 "m in A;
0.1 mm in B; 25 "m in C; 0.5 "m in D–F.
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formed by labeled boutons were asymmetric (Gray’s
type 1).
The reaction endproduct was dark, although its inten-
sity varied between boutons. Synaptic vesicles and mito-
chondria were clearly visible within the boutons and oc-
casional boutons contained vacuoles (Fig. 4C,D). Most
boutons were small (!0.5 "m), although the sample
showed a considerable range of sizes. The boutons were
filled with synaptic vesicles and usually contained at least
one mitochondria. Within the target structure there was a
Fig. 4. Light and electron micrographs of BDA-labeled axons and
boutons located in layer 1 of area V2. A: Photomontage of a labeled
collateral taken from layer 1. Numerous varicose swellings of the en
passant and aux terminaux types can be seen along the axon length.
B: Light microscopic reconstruction of collateral shown in A. The
axons arise from the right forming very few branches. Laminae and
their boundaries are indicated. C: Electron micrograph montage of a
labeled bouton terminaux taken from the unbranched collateral
shown in A. The bouton forms an asymmetric synapse (solid arrow
head) with a spine (sp). D: Two labeled boutons en passant each forms
an asymmetric synapse (solid arrowheads) with a spine (sp). Scale
bars # 25 "m in A; 100 "m in B; 0.5 "m in C,D.
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clear postsynaptic density. Puncta adherens (n ! 9), when
present, were closely associated with a synapse and its
postsynaptic target. They could be identified by an ab-
sence of presynaptic vesicles within the bouton and a
density (similar to the postsynaptic density) within the
presynaptic terminal that was mirrored by a density
within the target structure (Peters et al., 1991). Puncta
were not included in our measurements of synapse size.
Synaptic targets were identified using standard ultra-
structural criteria (Peters et al., 1991). Serially sectioning
the bouton and its synaptic target assisted greatly in the
identification of the target type. The majority of targets
were spines (83%), the remainder were dendrites. We
reconstructed the complete spine in order to discover if it
received a second input, although following the spine neck
back to its parent dendrite often proved impossible. Ap-
proximately 6% of the reconstructed spines received a
second synapse from an unlabeled bouton. The second
synapse was always identified as a symmetric (Gray’s type
2) synapse. Dendrites often contain mitochondria or mi-
crotubules, making identification relatively simple.
Axons and their boutons
We reconstructed three single axons to illustrate the
variety of axons seen in this projection (Figs. 2A,B, 3A–C,
4A,B). We sampled boutons from three regions: the dens-
est area of innervation (Figs. 1C, 2A), "500 #m posterior
to this region (Fig. 3), and "2 mm anterior of the region in
which the axons appeared to arrive in layer 1 of V2 (Fig.
4). Axons tended to branch only when they reached layer
1 and not in the deeper layers. Figure 2A,B shows a
photomicrograph and a partial reconstruction of an axon
arborizing in layer 1. The majority of collaterals radiated
away from the main axon trunk and traveled through
layer 1. This axon also sent descending collaterals to the
middle of layer 2/3 (Fig. 2A,B). The reconstruction is from
a single 80-#m-thick section because the arbor was close
to the densest region of innervation by labeled axons and
so could not be traced unambiguously through adjacent
sections. The axon is therefore not completely recon-
structed, although it was striking because of the large
caliber myelinated axon trunk ($2 #m, Fig. 2C) and the
extensively branched collaterals.
Layer 1 boutons taken from this region for EM analysis
could not be correlated with our LM observations because
of the sheer density of labeled terminals. In sectioning
through this dense region, we obtained a random sample
of 46 labeled boutons forming 48 synapses. The boutons all
came from the area in which we found the reconstructed
axon illustrated in Figure 2C. The majority of synapses
were formed with spines (75%) (Fig. 2D–F) and the re-
mainder with dendritic shafts.
As well as examining the labeled boutons from this
region of layer 1, we also measured the diameter of la-
beled, unmyelinated axons (n ! 50) in the same region.
There was remarkably little variation in size, the largest
diameter reaching 0.25 #m, with a mean of 0.1 #m (stan-
dard error of the mean [SEM] ! 0.007 #m).
The boutons in layer 2 (n ! 27) could be correlated with
our LM observations as there were very few labeled pro-
cesses in this lamina. A labeled descending axon collateral
pursued the same path as the parent ascending afferent
axon trunk. In the LM it appeared to be in close apposition
with the trunk and this was confirmed in the EM (Fig. 2C).
The labeled boutons of layer 2/3 appeared to be somewhat
larger ("1 #m, Fig. 2C) than the majority of those seen in
layer 1, although this was not always the case (e.g., Fig.
2E). The 27 boutons formed 34 synapses. Boutons forming
more than one synapse usually had a larger diameter.
Only two of the target spines examined showed a second,
symmetric synapse formed by an unlabeled bouton.
Axon 1
Another pattern of innervation by V4 axons in layer 1
can be seen in Figure 3. In this rare example, the bouton-
rich axon collaterals formed grape-like clusters of boutons
(Fig. 3A). The reconstructed axon shows the clusters sep-
arated by lengths of myelinated axon with no en passant
boutons between arbors (Fig. 3B). The boutons within the
clusters were closely spaced and covered all parts of the
collateral (Fig. 3C). Most of the boutons on this axon were
en passant: bouton terminaux represented only 18% of the
boutons. Most of the boutons (89%) formed synapses with
small to medium sized spines (Fig. 3D–F) and seldom with
dendrites (Fig. 3F). Only one of the target spines formed a
second, symmetric synapse.
Axon 2
The morphology of labeled axons most commonly found
in layer 1 had more regular distribution of boutons over
extensive lengths ($2 mm) of fine axon collateral (Fig.
4A). Varicose boutons were clearly visible, and because of
the straight and largely unbranched trajectory of the col-
laterals, the bouton terminaux (26% of boutons) were par-
ticularly prominent. During the reconstruction of this
axon (Fig. 4B) it became evident that the more proximal
portions of the axon were myelinated and showed no
bouton-like varicosities.
The ultrastructural quality of these axons was inferior to
the other material used in this study (Fig. 4C,D). Neverthe-
less, we examined 22 boutons from these axons. Synapses
formed mostly with spines (83%), the majority of which were
rather small, and none formed a second synapse.
Layer 6
The animal that provided particularly good anterograde
labeling in layer 1 also had occasional collaterals in layer
6. These fine collaterals frequently branched as they
passed through layer 6, and passed back and forth be-
tween the laminar boundaries. Bouton terminaux ac-
counted for 25% of all boutons on labeled collaterals in
layer 6.
We examined 28 boutons from layer 6 and found that
94% of the synapses were formed with spines (Fig. 5).
Three of the target spines also formed a second synapse of
a symmetric morphology.
Dendrites
Dendritic shafts represented only a small proportion
(17%) of the synaptic targets observed in this study (Fig.
6). Typically, excitatory cells have spiny dendrites that
contain few mitochondria and few synapses on the den-
dritic shaft. In contrast, the dendrites of inhibitory cells
are spine-free or smooth, contain numerous mitochondria,
and form many synapses on the shaft. They may also have
widely variable diameter over their length. Dendrites
showing these characteristics have also been demon-
strated to be GABAergic (Somogyi et al., 1983; Peters and
Saint Marie, 1984; Kisvárday et al., 1985; Ahmed et al.,
1997). Here the majority of dendritic shafts were small in
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diameter (!0.5 "m). In this study, serial section recon-
struction was required to characterize neurons as smooth
or spiny. On the basis of the established criteria, most of
the target dendritic shafts (20/28 dendrites, 12.3% of all
targets) originated from smooth, putative GABAergic neu-
rons (e.g., Fig. 6A–D). The mean diameter of these den-
drites at the position of the synapses was 0.58 "m.
Postsynaptic density
Reconstructing the boutons and their targets gave us
the opportunity to view the complete postsynaptic density
as a 2D or 3D structure. We have used this technique
previously to obtain values for the surface area of syn-
apses (Anderson et al., 1998; Anderson and Martin, 2002,
2005). By focusing on the postsynaptic specialization
rather than the presynaptic membrane, we avoided detail
being obscured by reaction endproduct in the bouton. We
show a 2D projection of the postsynaptic densities in Fig-
ure 7. Comparisons between the distributions of the areas
of synapses were confined to synapses made by spines due
to the small numbers of dendritic synapses. There were
few differences seen between those spinous synapses
made by the different axons and the different laminae in
which the samples were located (Fig. 8). The synapses of
the clustered axon of layer 1 (axon 1; mean # 0.089 "m2,
SEM # 0.014) were not significantly different (P # 0.196,
two-tailed t-test) from those of the random sample of layer
1 (mean, 0.117 "m2, SEM # 0.015). Nor were the synapses
of the unbranched axon (axon 2; mean, 0.126 "m2; SEM #
0.022) significantly different from those of layer 1 (P #
0.724, two-tailed t-test). When comparing synapses from
different laminae to those found in the random sample of
layer 1, the layer 2/3 distributions overlapped consider-
ably (P # 0.36, two-tailed t-test), while those of layer 6
(mean, 0.073 "m2; SEM # 0.006) were significantly
smaller (P # 0.012, two-tailed t-test).
There was no difference between the synapses of spines
and dendrites when the data from all sources were pooled.
The mean size of synapses with spines (mean, 0.1 "m2;
SEM # 0.006) was slightly larger than those of synapses
with dendrites (mean, 0.08 "m2; SEM # 0.009), although the
difference was not significant (P # 0.197, two-tailed t-test).
The synapses of layer 1, layer 2/3, the clustered and the
unbranched axons, all showed a longer tailed (skewed)
distribution than the synapses of layer 6.
En face, the postsynaptic density could be a simple disc,
or perforated, giving it a doughnut or horseshoe morphol-
ogy. Figure 7 shows that the synapses with the more
complex morphology are often formed with spines. A sim-
ilar observation was made in the study of synapses made
by V1 and V2 afferent boutons in area MT and V2 afferent
boutons in area V3A (Anderson et al., 1998; Anderson and
Martin, 2002, 2005).
Target types
The most frequently encountered targets of labeled bou-
tons were spines. The major difference between the prin-
Fig. 5. Electron micrographs of BDA-labeled axons and boutons
located in layer 6 of area V2. A: A labeled bouton forms an asymmetric
synapse (solid arrowhead) with a spine (sp). B: A labeled bouton forms
an asymmetric synapse with a spine that can be traced back to the
parent dendrite (d). C: A small labeled bouton forms an asymmetric
synapse (solid arrowhead) with a small spine (sp). Scale bar # 0.5 "m
in C (applies to A–C).
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cipal laminae of innervation was in the proportion of
spines to dendrites as targets, and for this reason we have
shown all sources separately (random sampling and indi-
vidual axons; Fig. 9). Taken together, the EM analysis
shows that 80% of the labeled synapses in layer 1 were
formed with spines and 20% were formed with dendritic
shafts. In layer 6, 94% of the synapses were formed with
spines and 6% with dendritic shafts (Fig. 9).
As indicated above (see Dendrites), smooth neurons pro-
vided the majority (69%) of the dendritic shaft targets in
layer 1 and both of those in layer 6. The largest contribu-
tor to the putative non-GABAergic dendritic synapse was
the random sample of layer 1, of which 42% (5/12) of
dendrites were from spiny cells. The two axons in layer 1
both synapse only with the putative GABAergic type den-
drite (4/4 and 3/3). In layer 2/3 almost all dendrites (6/7,
86%) were of the putative GABAergic type.
Serial reconstructions indicated that most boutons
made only one synapse and only rarely more than two
synapses (Fig. 10). On average, there were 1.1 synapses
Fig. 6. Electron micrographs of labeled synaptic boutons forming
synapses with dendrites containing numerous mitochondria and
forming many synapses. These dendrites may also have a beaded
morphology. These features are all characteristic of neurons that are
GABAergic and have smooth dendrites. A: A labeled bouton forms an
asymmetric synapse (solid arrowhead) with a small-caliber dendrite
in layer 1. In subsequent sections the dendrite was seen to form
asymmetric synapses with unidentified boutons. B: A small labeled
bouton forms an asymmetric synapse (solid arrowhead) with a small-
caliber dendrite (d) in layer 6. The dendrite forms an asymmetric
synapse (small arrow) with an unidentified bouton. C: A large labeled
bouton forms an asymmetric synapse (solid arrowhead) with a large-
caliber dendrite (d) in layer 1. The dendrite contains many mitochon-
dria and forms asymmetric synapses with other boutons when recon-
structed from serial sections. D: A labeled bouton forms an
asymmetric synapse (solid arrowhead) with a large-caliber dendrite in
layer 1. The dendrite contains many mitochondria and forms numer-
ous asymmetric synapses (small arrows) with unidentified boutons
visible in the same section. Scale bars ! 0.5 "m in A–C; 1 "m in D.
717CONNECTION OF V4 TO V2
per labeled bouton. The sample with the highest synapse-
to-bouton ratio was taken from layer 2/3, with 1.3 syn-
apses per bouton, closely followed by the axon with the
clustered terminals in layer 1, with 1.2 synapses per bou-
ton. The random sample of 46 labeled boutons from layer
1 and 22 labeled boutons from the long, unbranched axon
in layer 1 provided the lowest values in layer 1 of 1.05 and
1.04, respectively.
Synaptic density measurements
To estimate the relative proportion of synapses being
contributed by V4 to V2, we made an unbiased stereologi-
cal analysis of layer 1. We selected regions from within the
densest areas of innervation for our analysis and applied
the unbiased disector method (Sterio, 1984). We counted
only those labeled synapses that disappeared in the “look-
up” section when compared to a near adjacent “reference”
section. Although the blocks of tissue used for reembed-
ding were selected from the densest zones of innervation,
the distribution of labeled synapses in any ultrathin sec-
tion could vary greatly. From previous studies (Anderson
and Martin, 2002) we know that if the disector region was
selected using nonbiased features such as the edge of the
tissue or a scratch on the block face, we counted no labeled
synapses. If we selected the location of the disector by
finding a labeled bouton and then sampling in the vicinity,
we counted 2.2% (7 of 316) of disappearing labeled syn-
apses. Larger patches of reconstructed tissue did not nec-
essarily provide a higher proportion of disappearing la-
beled synapses. Some sample areas provided numerous
boutons, but no disappearing synapses. We also noted
more labeled axon profiles in this material than was seen
in previous studies that looked at projections from lower to
higher cortical areas terminating in layer 4.
DISCUSSION
The projection from V4 to V2 showed the classic features
of a feedback projection (Kuypers et al., 1965; Pandya and
Sanides, 1973; Tigges et al., 1974). We confirmed the
observations of Rockland (1994, 1997; Rockland et al.,
1994) that the major projection of individual axons was to
layer 1, with additional sparse innervation of layers 2/3
and 6. In previous studies of feedforward projections we
found patchy projections in layer 4 of the target area,
despite large injections of tracers in the source area
(Anderson et al., 1998; Anderson and Martin, 2002, 2005).
By contrast, in the V4 projection to layer 1 of V2 the
projections did not form patches. Although we found rare
individual fibers that did form clustered terminals, most
fibers traveled for millimeters through layer 1, presum-
ably not aimlessly, but certainly being very discrete about
what they were actually up to. This difference between the
two modes of interareal connection, one punctate and
patchy, the other diffuse, must reflect basic differences in
their role in the circuit.
Our main interest here was in discovering whether
there are qualitative or quantitative differences in the
synaptic connections made by a feedback projection com-
pared to other feedforward projections we have studied
with the same methods. The projection neurons are typi-
cally glutamatergic pyramidal cells that connect mainly to
other pyramidal cells. Our data were consistent with this
pattern: 75% of the targets in layer 1 were spines and 94%
Fig. 7. Two-dimensional pro-
jection of the reconstructed
postsynaptic densities found in
layers 1, 2/3, and 6 on spines and
dendrites postsynaptic to V4 la-
beled boutons in area V2. The den-
sities are ordered by increasing
surface area. Scale bar ! 1 "m.
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in layer 6 were spines. Rockland (1997) reported similar
proportions for the feedback projection from V2 to V1 (82%
spines, 18% dendritic shafts). These data indicate that
pyramidal cells are the sole source and the major recipi-
ents of the intercortical connections.
As in the V2 to V1 projection studied by Rockland
(1997), a minority of the targets of the V4 axons were
dendritic shafts. We differentiated two types of dendrites,
one of spiny, the other of smooth neurons, based on ultra-
structural criteria examined over serial sections. Den-
drites of smooth neurons formed 22/28 of the dendritic
shafts that formed synapses with the V4 axons. This
amounted to 12% of all targets. Taken together, these
statistics lie well within the range of those we have com-
piled for feedforward projections using identical methods
and criteria: the profile of synaptic targets for the V4 to V2
projection is broadly the same as that observed for the V1
to MT, the V2 to MT, and the V2 to V3A projections (Table
1; Anderson et al., 1998; Anderson and Martin, 2002,
2005).
The differences in the proportion of targets that were
spines between the primary layer of innervation (layer 1;
73%) and the secondary layer of innervation (layer 6; 94%)
was also a feature noted in two of the feedforward projec-
tions we studied, where layer 4 is the primary layer and
layers 2/3 and 6 are the secondary layers. The synapses in
layer 1 were formed mainly by en passant boutons,
whereas 25% of the synapses in layer 6 were formed by
bouton terminaux. In the projection from V2 to MT, 67% of
the targets in layer 4 were spines, whereas in layer 2/3,
82% of the targets were spines. Similarly, in the feedfor-
ward projection from V2 to V3A, 76% of the layer 4 targets
were spines, whereas in layer 2/3, 98% of the targets were
spines. The major outlier was the projection from V1 to
MT (Anderson et al., 1998), where spines formed only 54%
of the targets in layers 4 and 6 and somata of smooth
neurons formed a significant proportion (13%), with den-
Fig. 8. Histograms of the distribution of postsynaptic areas (!m2)
formed by labeled V4 boutons in layers 1, 2/3, and 6 of area V2.
A: Unidentified labeled layer 1 synapses (n " 41). B: Synapses from
axon with clustered terminals in layer 1 (Fig. 3) (n " 27). C: Synapses
from unbranched axon in layer 1 (Fig. 4) (n " 22). D: Synapses from
middle of layer 2/3 (Fig. 2) (n " 34). E: Synapses from layer 6 (Fig. 5)
(n " 29). F: Pooled synapses of layers 1, 2/3, and 6 (n " 153).
Fig. 9. Histogram of the synaptic targets of labeled V4 boutons in
layers 1, 2/3, and 6 of area V2. For layer 1, n " 48; for clustered axon
in layer 1, n " 27; for unbranched axon in layer 1, n " 23; for layer 2/3,
n " 34; for layer 6, n " 31.
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dritic shafts of spiny neurons and smooth neurons making
up the remainder. Also, no marked differences were seen
between the principal layer (layer 4) and the secondary
layer (layer 6) of termination in the proportion of inner-
vated spines. However, in all other projections, V2 to MT,
V2 to V3A, V4 to V2, there was a clear difference between
the principal versus the secondary layer of innervation. A
similar trend was observed by Johnson and Burkhalter
(1996) for the feedforward projection from area 17 to the
lateromedial area in the rat visual cortex. Here they noted
that in layers 3 and 4, the primary layers of innervation,
87% of the targets were spines, whereas in the secondary
layer, layer 1, 100% of the targets were spines. Since the
dendritic shafts of smooth (presumed inhibitory) neurons
form the majority of the targets that are not spines, it
seems that a stronger inhibitory brake is required in the
principal layer of termination than in the secondary layer
or termination, where the density of synapses provided by
the projection is in any event always extremely low. Sim-
ilar trends have been noted in a combined ultrastructural
and immunochemical study of the targets of the feedback
and feedforward connections between area 17 and the
lateromedial area in the rat cortex (Gonchar and Burkhal-
ter, 2003).
The density, form, and size of the synaptic densities
formed by the boutons were also studied. Here again,
there were similarities with the feedforward pathways. If
we chose EM sections with labeled synapses, we found
that 2% of the asymmetric synapses in the densest part of
the V4 to V2 projection were labeled. Using identical
methods, the comparable percentages were 3% for the V1
to MT projection (Anderson et al., 1998), 4–6% for the V2
to MT projection (Anderson and Martin 2002), and 3.5–
4.1% for the V2 to V3A projection (Anderson and Martin,
2005). In form, and in all interareal projections studied by
us, the most complex shapes of the densities were always
with spines. These synapses, which were also the largest,
had perforated postsynaptic densities, which, when
viewed en face, looked like horseshoes or doughnuts. The
average size of the synapses on spines (!0.1 "m2) was
larger than those on dendritic shafts (0.08 "m2) and the
form of postsynaptic densities on dendritic shafts was
always a simple disk. These same trends were seen in the
feedforward projections cited above. For all projections we
have studied, both feedforward and feedback, the average
size of the spine synapses were within a close range of
!0.1–0.12 "m2, while the synapses on dendritic shafts
were !0.07–0.09 "m2.
From these comparisons, we conclude that the major
differences between the feedback and feedforward projec-
tions are not to be found at the level of their synapses,
possible differences in receptors notwithstanding. Both
feedforward and feedback projections connect principally
to spiny neurons, they both form synapses of similar size,
and they both contribute only a few percent of the asym-
metric synapses to the neuropil, even in their densest
areas of innervation. Structurally, the major difference
between the feedforward and feedback projections we
have studied is thus the traditional one: the laminae they
target. For the feedforward projections, the major targets
are neurons in layer 4. For the feedback projection to layer
1, the distal tufts of the apical dendrites of pyramidal
neurons form the major targets.
What differences in function are served by these differ-
ences in laminar termination of the feedforward and feed-
back projections, with their implicit differences in the
position of their input on the dendritic trees of their target
cells? At a biophysical level the differences between distal
versus proximal synaptic inputs to pyramidal neurons
have been the subject of intense debate. One recent view is
that the location of the synapses does not matter (Magee
and Cook, 2000), because in hippocampal pyramidal cells,
at least, the excitatory synaptic conductance increases in
proportion to the distance from the soma. The other view
is that, as in real estate, location matters a great deal
(Rall, 1967; Bernander et al., 1991; London and Segev,
2001). The principal argument for the importance of loca-
tion is that if the neurons are embedded in an active
network, the dendrites increase their electrotonic length
due to the several-fold increase in membrane conductance
produced by synaptic activity. More distal synapses are
shunted by the increase in the conductance due to activa-
tion of synapses on more proximal dendrites. Since the
apical tufts of the pyramidal cells are slender, inputs in
layer 1 will be especially sensitive to the more proximal
changes in conductance.
The receptive field size of feedforward and feedback
pathways in V2 is different. In general, the receptive field
sizes increase from V1, to V2, to V4 and MT (Van Essen
and Zeki, 1978). Thus, for a given eccentricity the recep-
tive fields of the neurons that feedback from V4 to V2 will
be larger than the neurons to which they connect and
much larger than the receptive fields of the V1 neurons
that project to V2. Thus, an individual V2 neuron effec-
tively “sees” a smaller piece of the visual field than its V4
neurons that provide the feedback inputs. This apparent
paradox, that the V2 neurons have smaller receptive fields
than their V4 inputs, suggests that the V4 inputs are not
Fig. 10. Histogram of the number of synapses formed per labeled
V4 bouton in layers 1, 2/3, and 6 of area V2.
TABLE 1. Putative GABAergic Targets of Interareal Connections1
Projection
V1–V5 V2–V5 V2–V3A V4–V2
%putative GABAergic targets layer 1 11
layer 2 18
layer 3 8 0
layer 4 18 15 10
layer 6 14 6
1The proportion of putative GABAergic targets of three feedforward (V1 to V5, V2 to V5,
V2 to V3A) (Anderson et al., 1998; Anderson and Martin, 2002, 2005) and one feedback
projection (V4 to V2) in macaque cortex. The remainder of the targets were excitatory
neurons. Principal layers of innervation are marked in bold. The V1 to V5 data included
many somatic targets that formed multiple active zones with single boutons. These
have been counted as single synapses for the purposes of this table.
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driving the V2 neurons, but rather provide a modulation
of the V2 activity.
What could be the role of this feedback from V4? One
function that has been explored particularly in V2 and V4
of awake behaving monkeys is the role of attention. At-
tentional effects are seen throughout visual cortex and are
manifest by an increased firing rate of neurons whose
receptive fields lie in the attended part of the visual field.
If two stimuli are placed within a single receptive field in
V2, attention to one of the stimuli biases the responses of
the neuron either up or down (Reynolds et al., 1999). The
source of the biasing signal is unknown, but one candidate
is, of course, the feedback from V4, where a similar inter-
action occurs (Reynolds et al., 1999). What seems clear
from the anatomical data about the V4 to V2 feedback is
that it does not seem well equipped to deliver fine-grained
information to specific cells. At best, the feedback could
provide a biasing signal that conveys simple information,
delivered through a small excitatory input to many neu-
rons.
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The Synaptic Connections between Cortical Areas V1 and V2
in Macaque Monkey
John C. Anderson and Kevan A. C. Martin
Institute for Neuroinformatics, University of Zürich and ETH Zürich, 8057 Zürich, Switzerland
The primary visual cortex (V1) and V2 together form !24% of the total neocortex of the macaque monkey and have each other as their
major partners. The major target of the V1 projection to V2 is layer 4, where it forms clusters of boutons, which form asymmetric
(excitatory) synapses mainly with dendritic spines (75%). The remainder form synapses with dendritic shafts. The synapses found on
spines were often more complex, perforated postsynaptic densities than those found on dendritic shafts. The reciprocal projection from
V2 to V1 targeted layers 1, 2/3, and 5 and was formed of axons of different morphologies. One axon type, originating from superficial layer
pyramidal cells, had a morphology resembling those of local pyramidal cell collaterals. These axons arborized in layers 1, 2/3, and 5 of V1.
Another type of axon, arborizing in layer 1, was slender (0.3 !m), unbranched, unmyelinated, and uniformly covered with boutons
terminaux and formed asymmetric synapses mainly with slender spines. Yet a third type of axon also confined to layer 1, was thick ("1
!m), branched, heavily myelinated, and formed separate small clusters of large (!1 !m) en passant multisynaptic boutons that formed
asymmetric synapses mainly with large flat spines. These data show the existence of a reciprocal excitatory loop between V1 and V2 that
is formed by different axonal types, each with preferred layers of termination.
Introduction
The first two cortical visual areas in the macaque monkey are
approximately equal in size and together form !24% of the total
surface area of the macaque cortex (Felleman and Van Essen,
1991). Quantitative studies by Kennedy and colleagues (Barone
et al., 2000; Kennedy et al., 2000) show that 88% of the cortico-
cortical projection neurons of V2 project to V1 and 81% of the
corticocortical projection neurons in V1 project to V2 (Kennedy
et al., 2000). The output from V1 to V2 divides into separate
anatomical streams that map onto the patches of cytochrome
oxidase staining in V1 and V2 (Livingstone and Hubel, 1983,
1984), although they now seem more mixed than originally sup-
posed (Sincich and Horton, 2002a,b, 2005a,b).
There is a fundamental puzzle in the V1–V2 relationship. V1 is
in a recurrent excitatory loop with V2, yet, when V1 is inactivated
it virtually eliminates all activity in retinotopically related areas of
V2 (Girard and Bullier, 1989), whereas the reverse is not true:
inactivating V2 has little impact on most V1 neurons (Hupé et al.,
2001). Why with such rich reciprocal connectivity is there such an
asymmetrical effect? Although the inactivation experiments were
performed under general anesthesia, it is clear that the depressing
effects of anesthesia are not responsible, because the V2 neurons
remain active and well driven by visual stimuli. Such asymmetri-
cal effects, which are seen elsewhere (the geniculocortical loop,
for example) are usually explained by the hypothesis that “feed-
forward” projections (e.g., V1 to V2) “drive” their target neurons,
whereas “feedback” projections (e.g., V2 to V1) only “modulate”
their target neurons (Hupé et al., 2001; Guillery and Sherman,
2002). This “explanation” begs the basic question of what possi-
ble biophysical differences could account for this profound dif-
ference in effect.
Perhaps driving inputs must enter at layer 4, which is the main
thalamic recipient layer and, by definition, the main target of
corticocortical feedforward projections? However, thalamocorti-
cal synapses form only !10% of the excitatory synapses in layer 4
of V1 (Latawiec et al., 2000), which means that most projections
to layer 4 do not drive cortex. Another possibility is that the
feedback synapses are simply less effective than feedforward syn-
apses. This is the preferred explanation of Guillery and Sherman
(2002), for whom the geniculocortical loop is a cardinal example.
In their view, axons of driving projections have large en passant
boutons forming multiple complex contacts, while the small ter-
minaux boutons of modulating projections form simple axoden-
dritic contacts. Even under anesthesia, V1 neurons can be driven
by electrical stimulation of V2 (Girard et al., 2001). In addition,
Rockland and Virga (1989, 1990) found a complex picture of
three different laminar patterns of termination for axons project-
ing from V1 to V2 and two major patterns for axons projecting
from V2 to V1 and there may be yet additional complexities
associated with the projections between the cytochrome oxidase
compartments. Here we search for clues to differences in the
effects of feedforward and feedback projections, by studying their
ultrastructure.
Materials and Methods
The material presented here was taken from four adult male macaque
monkeys and one adult female (Macaca mulatta), which were used in
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matics, University of Zürich and ETH Zürich, Winterthurerstrasse 190, 8057 Zürich, Switzerland, E-mail:
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acute electrophysiological experiments. Ani-
mal treatment and surgical protocols were per-
formed in accordance with the guidelines of
the Kantonal Veterinaeramt of Zurich. The fol-
lowing procedures are similar to those used by
Anderson and Martin (2002). Animals were
prepared for surgery after the administration
of an intramuscular premedication of xyla-
zine (Rompun, Beyelar, 0.5 mg/kg)/ket-
amine (Ketalar, Parke Davis, 10 mg/kg). This
was followed by cannulation of a femoral
vein for the delivery of alfaxalone/alphado-
lone (Saffan, Glaxo) to establish complete
anesthesia.
Animals received from 1 to 4 injections of
neuronal tracer (see Table 1). Biocytin (Sigma)
was delivered as a 4% solution in Tris buffered
KCl (0.2 M), biotinylated dextran amine (BDA)
(Invitrogen) as a 10% solution in 0.01 M PBS,
pH 7.4, and Phaseolus vulgaris leucoagglutinin
(PHA-L) (Vector Laboratories) as a 2.5% solu-
tion in 0.01 M PBS, pH 7.4. The ionophoretic
injections were made with a glass micropipette
using a pulsed ionophoretic current of 2– 4 mA
over a 7–10 min period. After a 1–10 d survival
period, the animals were very deeply anesthe-
tized with intravenous pentobarbital (20 mg/
kg) and then perfused transcardially with a
normal saline solution, followed by a solution
of 3.5% paraformaldehyde, 0.8% gluteralde-
hyde, and 15% picric acid in 0.1 M PB, pH 7.4. A
block of cortex containing the injection site
and areas V1/V2 was removed and sunk in su-
crose solutions of 10, 20, and 30% in 0.1 M PB,
then freeze-thawed in liquid nitrogen and washed in 0.1 M PB. Sections
were cut from the block at 80 !m in the parasagittal plane and collected
in 0.1 M PB. We used standard procedures to reveal the neuronal tracers.
In brief outline; washes in PBS were followed by 10% normal swine
serum (NSS) in PBS (1 h). When appropriate the antibody to PHA-L was
diluted in the above at 1:200 and exposed for 48 h at 5°C. Further washes
in NSS preceded overnight exposure (5°C) to an avidin– biotin complex
(Vector ABC kit, Elite). The peroxidase activity was identified using 3,3-
diaminobenzidine tetrahydrochloride (DAB). After assessment by light
microscopy, selected regions of tissue were treated with 1% osmium
tetroxide in 0.1 M PB. Dehydration through alcohols (1% uranyl acetate
in the 70% alcohol) and propylene oxide allowed flat mounting in Dur-
cupan (Fluka) on glass slides.
Light microscopic observations of labeled axons were performed to
locate and select regions of interest for electron microscopy. We recon-
structed individual collaterals in the less densely innervated areas for
correlated light and electron microscopy. Serial ultrathin sections were
collected at 60 or 70 nm thickness on Pioloform-coated single slot copper
grids. Labeled boutons were photographed at a magnification of 21,000.
Synapses and associated structures were classified using conventional
criteria (Peters et al., 1991). Collections of serial sections were digitized
and reconstructed using Trakem, an in-house EM-digitization package.
To measure and display the postsynaptic densities of labeled boutons we
used software developed by ourselves, which has been described in out-
line previously [see Anderson et al. (1998), their Materials and Methods].
We used a Philips CM100 electron microscope fitted with a Morada
camera and ITM software. For figure preparation we used Adobe Illus-
trator CS3 and Photoshop CS3.
Results
Light microscopy
Each of the five monkeys received ionophoretic injections of
BDA, PHA-L, or biocytin that were confined to the gray matter of
either area V1 (two cases) or area V2 (three cases).
V1 to V2
The injections into area V1 were placed at !7– 8 mm distance
posterior to the lunate sulcus, well inside area V1 (see Fig. 1A).
Two V1 injection sites were located in superficial layers and two
injection sites involved all layers and labeled cells in layers 2– 6.
Dense labeling of cell bodies at most injection sites extended 0.2
mm to 0.3 mm from the penetration, although the appearance of
label at the different injection sites varied. The termination zone
of the BDA-labeled axons originating from the injection site il-
lustrated in Figure 1A extended over !2 mm of layer 4 on the
posterior bank of the lunate sulcus in V2, with the denser inner-
vation located closer to the tip of the gyrus. The axon termination
zone in the other V1-injected monkey was located in three dis-
Figure 1. Location of injection site in V1 and labeled boutons in V2. A, Low-power sketch of a parasagittal section through the lunate
gyrus showing the approximate location of a BDA injection site (solid circle) in V1, the location of BDA-labeled boutons (asterisk), and the
V1–V2 border (filled arrowhead). B, Light photomontage of cortical area V2 showing BDA-labeled axons and their terminals in layer 4 that
project from an injection of BDA made in area V1. Laminae and their boundaries are indicated to the bottom left and top right. Scale bar:B
(bottom right), 15 !m.



















M1 V1 Biocytin ionophoretic 320 diam. 2/3 1 1 Bouton clusters in V2 77
M2 V1 BDA ionophoretic 220 wide 2– 6 3 10 Bouton clusters in V2 30
M3 V2 BDA ionophoretic 150 diam. 2/3 2 12 Bouton cluster in V1 59
M4 V2 PHA-L pressure 320 wide 3– 6 3 1.5 "Thin" axon in V1 44
M5 V2 PHA-L pressure 150 wide 3– 6 4 10 "Thick" axon in V1 34
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crete clusters within the fundus of the lunate sulcus. Each cluster
had a lateral spread within layer 4 ranging from 0.3 to 0.5 mm,
separated by similarly sized zones that were relatively bouton
free. Collaterals arising at the border of white matter and layer 6
were followed through the deep layers to their extensive arboriza-
tions layer 4. In one animal a few fibers entered lower layer 3.
Both animals showed very little retrograde labeling of cell bodies.
Axons traversing the deeper layers were myelinated, so often only
the cut ends of these axons had strong reaction product. Upon
reaching layer 4 the collaterals became unmyelinated, branched
frequently, and became finer, and formed boutons, which were
mainly en passant (!78%) in morphology (Fig. 1B). The sheer
density of innervation in layer 4 made it impossible to reconstruct
individual axons or accurately to correlate LM and EM.
V2 to V1
The injections in area V2 were made at the tip of the lunate gyrus
and were confined to the gray matter. In the first animal only the
superficial layers two and three were labeled with BDA (Fig. 2),
while in the other two animals all layers of the cortex were labeled
(Anderson and Martin, 2002, their Fig. 1A). In all three animals
there was retrograde labeling of pyramidal cells in layers 2 and 3
of V1, although much less in the first animal where the injections
were more localized (see Fig. 2). The axons of the retrogradely
labeled cells arborized mainly in layers 2/3 and 5 but also pro-
vided a dense innervation of layer 1. This meant that the axons
originating from pyramidal cells in V2 were mixed with axons
originating from pyramidal cells in V1. Even axons traced from
the white matter underlying V1 were found to originate from
retrogradely labeled pyramidal cells in superficial layers of V1.
Hence we examined only those axon collaterals that could be
traced back to the injection site and, where possible, to a labeled
cell body.
The first animal had a large number of axons originating from
the labeled superficial layer pyramidal cells in V2 that did not
enter the white matter, but projected laterally from layers 2/3 and
5 to arborize in layers 1, 2/3, and 5 of V1 (Fig. 2) and forming
boutons over their entire length. The projection to layer 2/3 in V1
was the densest and showed the least retrograde contamination.
Of the many labeled axons only a single axon in each of the
second and third animals could be traced back to their origins in
the injection sites in V2. These single axons also did not dive into
the white matter beneath V2 to reemerge in V1, but instead were
confined to layer 1 throughout their projection from V2 to V1.
The morphologies of the two single axons were strikingly differ-
ent from each other.
Figure 3. Two “feedback” axons labeled with PHA-L, confined to layer 1 and showing ter-
minations in area V1. A, B, Low-power sketches of lunate gyrus showing approximate path of
two axons through layer 1 and earliest appearance of axon (asterisk). The white matter (wm)
and V1–V2 border are also indicated (arrow). Axon shown in A and C–E is referred to as the
“thin” axon. C, Light microscopic reconstruction of the thin axon showing a long, unbranched,
bouton encrusted (small filled arrowheads) collateral. D, High-magnification (100" oil objec-
tive) light microscopic drawing showing detail of thin axon and frequently located boutons
(filled arrowheads). E, Light microscopic photomontage of thin axon in layer 1. Axon shown in
F–H is referred to as the “thick” axon. F, Light microscopic reconstruction of thick, branched
axon showing clusters of boutons (solid arrowheads). The computer assisted 3-D reconstruction
of the axon is rotated to provide the view from the surface of the brain. G, High-magnification
light microscopic drawing showing detail from one bouton cluster. H, Light microscopic photo-
montage of thick axon and bouton cluster. Scale bars: C, F, 0.5 mm; D, G, 25 !m; E, H, 10 !m.
Figure 2. Location of injection site in V2. A, Light photomontage of a parasagittal section
through the cortex at the border between V1 and V2 (arrow) showing the injection site in V2
(white arrowhead) and the location of a weak retrogradely labeled pyramidal cell (arrowhead).
V1 laminae are indicated to the right. B, Light microscopic drawing of the section shown in A.
Anterogradely labeled axons projecting from the injection site (open arrowhead) cross the
border into V2. Axons in the immediate vicinity of the injection site were not drawn because the
density of label was too intense. The position of the weakly labeled pyramidal cell shown in A is
indicated (arrowhead). Laminae and their borders are indicated to the left and right. Scale bars,
300 !m.
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The single axon from the second ani-
mal, referred to here as the “thin” axon,
emerged from a radially aligned myelin-
ated fiber in layer 1 at a point directly
above the infragranular layer injection site
in V2, !1.3 mm from the V1/V2 border.
It then abruptly turned right angles to
traverse the middle of layer 1 in a poste-
rior direction toward V1 and remained
tangential to the surface of the cortex
until its termination in V1. In V1 this
axon was very thin (0.3 !m), unmyeli-
nated, and unbranched. It had many
boutons terminaux distributed over its
entire length (2 mm) in layer 1 (Fig.
3 A, C–E). Axons showing this pattern of
trajectory have been described by Rock-
land (1994).
The second single axon from the third
animal we will refer to as the “thick” axon.
It arose from an injection site in infra-
granular layers of V2 and traveled radially
toward the cortical surface of the poste-
rior bank of the lunate sulcus. Upon
reaching layer 1 the axon abruptly turned
right angles and traversed V2, remaining
tangential to the surface of the cortex.
Continuing just above the middle of layer
1 the axon passed around the tip of the
lunate gyrus. The labeling of the axon was
dark and continuous until it reached the
opercular surface of V1, where it be-
came myelinated and the label became
intermittent. But in each section, the cut
ends of the axon were clearly labeled and
the thickness of the axon made it easy to
follow despite the absence of continu-
ous label. This axon was thick ("1 !m),
branched, heavily myelinated, and formed
separate, small clusters of large (!1 !m) en
passant boutons (Fig. 3B,F–H) through
the thickness of layer 1. Some of these V2
to V1 axon features were also described by
Rockland and Virga (1989). The fact that
the axons projecting from V2 to V1 passed
through the gray matter and not the white
matter is unusual. However, the injection
sites were relatively close to the V1–V2
border and passage through gray matter
may be more economical. The axons also
formed boutons in the V2 portion of their
trajectory.
We have previously described the vari-
ations in bouton morphology and density for the axons of spiny
neurons (Martin and Whitteridge, 1984; Anderson and Martin,
2001). Boutons are usually recognized as beads along an axon
(bouton en passant) or swellings on short processes extending
from the axon (bouton terminaux). Using correlated LM and
EM we have repeatedly verified here, and in previous studies
(Anderson et al., 1998; Anderson and Martin, 2002, 2005,
2006) that boutons identified at light microscope level form
synaptic specializations and that synapses in the interbouton
segments are rare.
Electron microscopy
We examined a total of 107 labeled V1 boutons in layer 4 of area
V2. The labeled V1 terminals in V2 provided 126 synaptic spe-
cializations. For the projection from V2 to V1 we examined 137
boutons, which formed a total of 165 synapses. From the cluster
of layer 3 cells labeled in V2 axons, we sampled 59 boutons in
layers 1 and 2/3 of V1, together with 44 boutons in layer 1 of V1
from the V2 thin axon and 34 boutons in layer 1 of V1 from the
thick axon. The thin axon provided 44 synapses and the thick
axon, 61 synapses. All boutons from these individual axons were
Figure 4. Electron photomicrographs taken from cortical area V2 showing BDA-labeled boutons in layer 4. A, A labeled
bouton en passant forms an asymmetric synapse (solid arrowhead) with a spine (sp). B, A spine (sp) forms an asymmetric
synapse (solid arrowhead) with a labeled bouton and a symmetric synapse (open arrowhead) with an unidentified bouton.
The asymmetric synapse of the labeled bouton has been cut rather obliquely obscuring the synaptic cleft and smearing the
postsynaptic density. C, A labeled bouton forms two asymmetric synapses (solid arrowheads) with a spine (sp) and a small
caliber dendritic shaft (d). D, A large-caliber dendritic shaft (d) forms an asymmetric synapse (solid arrowhead) with a
labeled bouton. The dendrite (d) forms a further two asymmetric synapses (small solid arrowheads) with two unidentified
boutons. Serial section reconstruction of the dendrites shown in C and D revealed that both formed more synapses and
contain numerous mitochondria. These features are characteristic of GABA-containing smooth cells. E, A lower-power
electron micrograph showing a labeled bouton forming an asymmetric synapse (solid arrowhead) with a medium-caliber
dendritic shaft (d). The dendrite produces a spine (sp), opposite the labeled bouton, that forms an asymmetric synapse
(small solid arrowhead). An unidentified bouton forms a symmetric synapse (open arrowhead) with the dendritic shaft.
Dendrites showing few shaft synapses, few mitochondria, and forming spines are features of spiny cells, probably pyrami-
dal cells. Scale bars: A–E, 0.5 !m.
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serially sectioned and reconstructed. Synapses from V2 boutons
in layers 1 and 2/3 were serially sectioned and 27 of 60 were
reconstructed. All labeled boutons formed asymmetric synapses
(Gray’s type 1). Those synapses that were incomplete were ex-
cluded from the measurements of the area of the postsynaptic
densities.
The reaction end-product was dark, although of variable in-
tensity in different boutons. Vesicles and mitochondria were
clearly visible within the boutons and the synaptic clefts were not
obscured by diffusion of the label. Myelinated axons were also
labeled, indicating that the antibody sometimes had penetrated,
despite the barrier to diffusion of the reagents presented by the
myelin. Small vacuoles formed in some labeled structures (e.g.,
Figs. 4A,D, 6A). The V1 to V2 population showed relatively little
variation in bouton size (!0.5 !m). Occasionally we found la-
beled myelinated axons (0.12– 0.5 !m diameter) with a myelin
wall thickness of !0.1 !m. For the V2 to V1 projections, the
boutons of the thin axon were uniformly small (!0.3 !m) and
were mostly bouton terminaux (Figs. 5, 7A). In contrast, the thick
axon (!1 !m diameter) formed large bouton en passant (!1
!m) (Figs. 6, 7B) with occasional smaller boutons, such as the
small bouton terminaux in Figure 6D. The larger the bouton the
greater the number of mitochondrial profiles in single sections.
The myelin sheath covering the thick axon had a wall thickness of
!0.15 !m. The very small boutons of the thin axon rarely con-
tained a mitochondrion. Boutons from the thick axon could con-
tain several mitochondria. Single sections of the V1 to V2
boutons of intermediate size usually contained one or two mito-
chondrial profiles. All the remaining space within the labeled
boutons was packed with vesicles, which sometimes extended
into the axon (e.g., Fig. 6E). Synapses were indicated by the pres-
ence of vesicles, a synaptic cleft and a postsynaptic density. The
postsynaptic density could be a simple disc shape or perforated.
Targets of synaptic boutons: spines
Serially sectioning the bouton, synapse,
and target structures greatly assisted in
determining the type of target that formed
synapses with the labeled boutons. We
also used standard ultrastructural criteria
to classify targets (Peters et al., 1991). The
most frequent targets of both projections
were spines (Figs. 4 – 6). Occasionally we
were able to trace spines back to a parent
dendrite (Fig. 6A,C). The target spines of
the V1 to V2 projection were all small (Fig.
4A–C). A second synapse from an unla-
beled bouton was seen on 17 of 91 spines.
The second synapse was always of a sym-
metric morphology (Gray’s type 2) (Fig.
4B). This is an unusually high proportion
of dual input spines (19%), but was
strongly biased by the data from one ani-
mal in particular (14 of 62 spines, 23%).
The second animal provided three dual
input spines (3 of 29, 10%), which is closer
to the range that is normally encountered
in studies of spines and their synapses.
The boutons of the two individual
feedback V2 to V1 axons formed synapses
with spines of very different sizes. The thin
axon boutons formed synapses with
spines that were equally tiny (Fig. 7A).
The large boutons of the thick axon
formed synapses with spines that were clearly large and flattened
when seen after serial section reconstruction (Fig. 7B). Figure 8
shows the reconstructed spines contacted by boutons of the thin
(Fig. 8A) and thick (Fig. 8B) axons. Rockland has also noted that
the majority of synaptic targets of the feedback projection in layer
1 were spines (Rockland, 1994).
The spine targets of the upper layer 2/3 projecting axons were
usually small ("0.5 !m) in diameter. Only one bouton of the
population of V2 to V1 axons shared its target spine with a second
(symmetric) synapse. A light and diffuse labeling appeared in
some of the smaller spines (Fig. 6A). The label helped us to trace
back to the parent dendrite that also showed light labeling. We
attributed this light labeling to retrograde uptake of PHA-L at the
injection site, which would indicate that neurons that project to
V2 also receive input from V2.
Targets of synaptic boutons: dendritic shafts
Dendritic shafts were also the targets of labeled boutons. They
were usually identified by reconstruction from serial sections,
or by the presence of mitochondria and microtubules. Overall,
labeled boutons formed synapses with a range of dendrites of
different diameters (!0.5–1.5 !m). Dendrites sometimes con-
tained numerous vacuoles and ultrastructurally tended to suffer
more than spines when they formed synapses with labeled bou-
tons (e.g., Figs. 4D, 6D,E). We have no explanation for this, but
it was clearly related to the presence of the label. From the serial
section reconstructions we grouped the dendrites into two
classes. Sixteen of the 34 synapses from the V1 to V2 synapses in
layer 4 were formed with the shafts of dendrites that varied little
in diameter and formed very few synapses along the shaft. These
features are characteristic of the spiny dendrites of excitatory
neurons, a characterization that was occasionally confirmed in
this material by spines emerging from the shafts of dendrites with
Figure 5. Electron photomicrographs taken from cortical area V1 showing PHA-L-labeled boutons in layer 1. All examples are
taken from the “thin” axon (Fig 1; A–C). A–C, Examples of small boutons forming asymmetric synapses (solid arrowheads) with
spines (sp). The majority of labeled boutons and their targets were of similar dimensions. D, A labeled bouton forms a synapse
(solid arrowhead) with a small caliber dendrite (d). The dendrite formed a second synapse with another labeled bouton from the
same axon. The ultrastructural characteristics of the dendrite (variable diameter, numerous mitochondria, and forming many
synapses) indicate that it is from a GABAergic neuron with smooth dendrites. Scale bars, 0.5 !m.
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these characteristics. Three of the six den-
dritic shafts that formed synapses with the
thin axon and 5 of 14 synapses formed by
the thick axon were with shafts of spiny
neurons. In one case the thin axon formed
two synapses with a target dendrite: one
synapse with the shaft and one with a
spine.
A second class of dendrite varied in its
diameter, it contained numerous mito-
chondria and formed many shaft synapses
with unidentified boutons. These features
were usually clearer when the dendrite
was serially reconstructed. Neurons with
these features have smooth dendrites and
have been shown to contain the inhibi-
tory neurotransmitter GABA (Somogyi
et al., 1983; Peters and Saint Marie,
1984; Kisvárday et al., 1985; Beaulieu et
al., 1992; Ahmed et al., 1997; Meskenaite,
1997). Just over half (18 of 34, 53%) of the
target dendrites of the projection from V1
to V2 were of the smooth type. The V2 to
V1 boutons from the thin axon formed
synapses with 3 smooth dendrites. One of
these dendrites formed synapses with two
labeled boutons. In the case of the thick
axon 9 of 14 (64%) of the dendritic shaft
synapses were formed with the dendrites
of smooth neurons. Three of the dendrites
formed two synapses with boutons of the
thick axon (e.g., Fig. 7B). One smooth
dendrite also formed numerous tiny pro-
cesses (Fig. 6E) each of which formed one
or two synapses with unidentified bou-
tons. These “spinules” appeared to be
headless and varied in length from 0.1 to
0.5 !m. The ultrastructural morphology
was not that of any recognizable excita-
tory or spiny neuron (e.g., pyramidal cell)
but clearly showed features of smooth
neurons, perhaps an intrinsic GABAergic
neuron of layer 1. All of the target den-
drites (11) from the projection to layers 1
and 2/3 of V1 showed features of smooth
dendrites.
Targets of synaptic boutons: somata
Only one synapse was seen between a la-
beled bouton and a soma, which was lo-
cated in layer 4 of V2. There were many
organelles within the soma and it also received numerous syn-
apses from unidentified boutons, which are features of smooth
neurons.
Postsynaptic density
Reconstructing the bouton and its target gave us the opportunity
to view the complete postsynaptic density (PSD) as a two-
dimensional (2-D) or 3-D structure. We have used this technique
previously to obtain values of the surface area of synapses
(Anderson et el., 1998; Anderson and Martin, 2002, 2005, 2006).
By focusing on the postsynaptic specialization rather than the
presynaptic membrane, we avoided detail being obscured by re-
action end-product in the bouton. We show a 2-D projection of
the PSDs in Figures 9 –11. There was no difference seen in the
distributions of the areas of synapses made with the two main
target types for the V1 to V2 axons, which were spines (0.081
!m 2, SEM, 0.004) and dendrites (0.077 !m 2, SEM, 0.006) ( p !
0.6, two-tailed t test) (Fig. 12).
The data for the projection from V2 to V1 were derived from
a random sample taken from superficial layers as well as an ex-
tensive series of EMs from two very different single axons, and so
were not pooled (Fig. 13). The synapses formed by the thin axon
were very small (0.032 !m 2, SEM, 0.004), while those of the thick
axon were very large (0.17 !m 2, SEM, 0.016) (Fig. 13) and those
Figure 6. Electron micrographs of PHA-L-labeled boutons forming synapses in layer 1 of area V1. All examples are taken from
the “thick” axon (Fig. 1; D–F ). A, A large labeled bouton forms an asymmetric synapse (solid arrowhead) with a small spine (sp).
The spine and parent dendrite (d) are weakly labeled with retrogradely transported PHA-L. B, Two large spines (sp) each form a
perforated asymmetric synapse (solid arrowheads) with a large labeled bouton. C, A medium sized bouton forms a perforated
asymmetric synapse (solid arrowheads) with a spine (sp) that can be followed back to the small caliber parent dendrite (d). D, A
small bouton terminaux forms an asymmetric synapse (solid arrowhead) with a medium-caliber dendrite (d). The dendrite con-
tained few mitochondria, formed no other synapses and showed little variation in diameter. These features are characteristics of
neurons with spiny dendrites, probably pyramidal cells. E, A large bouton en passant forms an asymmetric synapse (solid arrow-
head) with a large-caliber dendrite (d). The dendrite was unusual in that it formed synapses with the shaft and with small and
slender spinous processes that each formed at least one asymmetric synapse (small solid arrowheads). The shaft also contained
numerous mitochondria. Scale bars, 0.5 !m.
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of the random sample from superficial
layers fell between the two (0.08 !m 2,
SEM 0.008). The spine synapses formed by
the thick axon (0.19 !m2, SEM, 0.02) were
significantly larger than those formed with
dendritic shafts (0.10 !m2, SEM, 0.02)
( p ! 0.018, two-tailed t test). This was
also true of the random superficial layer
sample (spine 0.08 !m 2, SEM 0.01; den-
drite 0.05 !m 2, SEM 0.009; p ! 0.029
two-tailed t test). The PSDs of the thin
axon were predominantly simple disc-
shaped structures, while those of the thick
axon showed greater complexity in shape
with numerous perforations, particularly
in spines. PSDs formed with the spines of
the V1 to V2 projection also had a com-
plex, perforated morphology, which we
have reported in other projections in
monkey cortex (Anderson et el., 1998;
Anderson and Martin, 2002, 2005, 2006).
Target types
The most frequently encountered targets
of V1-labeled boutons in V2 and for V2-
labeled boutons in V1 were spines. One
clear difference between the various axons
was in the proportion of spines to den-
drites as targets (Fig. 14). In layer 4 of V2,
72% of the labeled V1 synapses formed
with spines, 27% with dendritic shafts,
and 1% with somata. In layer 1 of V1, the
thin axon from V2 formed 84% of its syn-
apses with spines and 16% with dendritic
shafts, whereas the thick axon formed
77% of its synapses with spines and 23%
with dendritic shafts. In layers 1 and 2/3 of
V1, the proportion of spines to dendritic
shafts was similar to that seen for the thin
axon in layer 1: 82% spines and 18% den-
dritic shafts. The majority of labeled bou-
tons for all projections formed one
synapse, although single boutons could
form up to four synapses (Fig. 15). The
thin axon from the V1 to V2 pathway only
ever formed one synapse per bouton.
Discussion
Light microscope observations
We confirmed many of the morphological
observations made by Rockland and Virga
(1989, 1990). The V1 projection to V2
formed clusters of boutons concentrated
in layer 4, but with additional collaterals
in layers 3 and 6. Rockland and Virga
(1989) described two types of axons pro-
jecting from V2 to layer 1 of V1, one of
which formed clusters of boutons, and the
other that was continuously studded with
bouton terminaux, as in our “thin” axon.
They, as did we, also observed a third type
of axon, which formed en passant bou-
tons principally in layers 5 and 3 of V1.
Figure 7. Three-dimensional reconstruction from serial ultrathin sections of PHA-L-labeled boutons in layer 1 of V1
showing synaptic targets. A, Thin axon (blue) showing numerous projecting boutons terminaux each forming a single
synapse (yellow) in most cases with a small spine (transparent brown). Near the top of the reconstruction a bouton
terminaux branches to form two boutons, one of which forms a synapse with a dendritic shaft (transparent mauve). A spine
projects from the uppermost surface of the dendrite and forms another synapse with the labeled axon. This same spine also
forms a symmetric synapse (red) with an unidentified bouton. B, Thick axon (blue) showing a string of three boutons en
passant and their synaptic targets; spines (transparent brown) and dendritic shafts (transparent mauve). Postsynaptic
densities, often complex, are shown in yellow. The two uppermost boutons each form two synapses, one each with a spine
and the second with a dendritic shaft that passes between the two boutons. The dendrite also receives an asymmetric
synapse from an unidentified bouton. The lower bouton forms four synapses; two with spines and two with a dendritic
shaft. One of the spines can be traced back to the parent dendrite showing more spines and forms an asymmetric synapse
(red) on the shaft. Scale bars, 2 !m.
Figure 8. Reconstructed spines found postsynaptic to labeled boutons of thin axon (A) and thick axon (B). The spines have been
ordered roughly by size. Each spine has been rotated to present its broadest face. Scale bars, 0.5 !m.
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However, Rockland and Virga’s axons emerged from the white
matter, whereas the axons we traced streamed across the V1/V2
border in the gray matter, even when the injections were some
millimeters from the border. Although the “thick” axon
formed clusters of boutons in layer 1, its clusters were more
reminiscent of the morphology of Meynert cell axons of ma-
caque V1 (Rockland and Knutson, 2001) than of the type of axon
with clustered boutons described by Rockland and Virga (1989).
Since large solitary pyramidal neurons are also found in the deep
layers of V2, it would be interesting to discover whether these are
the source of the thick axons that project to layer 1 of V1.
We could find no morphological evidence to suggest that all
the V1 to V2 axons were feedforward “drivers” and all the V2 to
V1 axons were feedback “modulators.” In the V2 to V1 projection
we only recovered one axon (the “thin” axon) that resembled
Guillery and Sherman’s (2002) description of “modulating
axon.” The “thick” axon, which projected from V2 to V1, had the
features of a “driving axon.” Indeed, the most common type of
axon we found projecting from the superficial pyramidal cells in
V2 to the superficial layers of V1 was morphologically indistin-
guishable from the axons that projected from V1 to V2.
Ultrastructure of synapses. Postsynaptic density size and
spine morphology
It is evident from the ultrastructure of the target spines that bigger
spines have bigger PSDs. This relationship has been reported for
pyramidal cells in the hippocampus (Harris and Stevens, 1989)
and mouse barrel cortex (Knott et al., 2006). The PSDs of the thin
axon were almost one-third the size of most interareal spine syn-
apses (0.032 versus !0.1– 0.12 !m 2). Most remarkable were the
size of the PSDs of the thick axon in layer 1, which were larger
(0.19 !m 2) than anything yet reported for macaque cortex. The
Figure 9. Two-dimensional projection of the reconstructed postsynaptic densities found on spines, soma, and dendrites postsynaptic to V1-labeled boutons in layer 4 of area V2. The densities are
ordered by increasing surface area. Scale bar, 1 !m.
Figure 10. Two-dimensional projection of the reconstructed postsynaptic densities found on spines and dendrites postsynaptic to V2-labeled boutons in layers 1 and 2/3 of area V1. The densities
are ordered by increasing surface area. Scale bar, 1 !m.
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previous largest were the V1 to MT projection (Anderson et al.,
1998), which were 0.127 !m 2. Cortical synapses of comparable
size (!0.18 !m 2) have only been seen once before in the thalamic
projection to layer 4 of the cat visual cortex (Dehay et al., 1991;
Friedlander et al., 1991). The range of areas of the postsynaptic
specialization within most single populations of reconstructed
synapses is at least an order of magnitude [e.g., V1 to MT
(Anderson et al., 1998) and V4 to V2 (Anderson and Martin,
2006)], although the average size between these populations is
surprisingly similar. The functional consequences of this variance
remains unexplained, as does the correlation we observed be-
tween spine size and synapse size. However, the data from Stevens
and colleagues indicates that there is a positive correlation be-
tween size of synapse and the release probability and amplitude of
glutamatergic synapses (Schikorski and Stevens, 1997; Murthy et
al., 2001), so that our measures of PSD size may give a qualitative
indication of synaptic strength.
Synaptic interrelationships
The V1 to V2 axons in layer 4 formed 72% of their synapses with
pyramidal dendritic spines. This is comparable to the projections
from V2 to V3A (76%) (Anderson and Martin, 2005) and V2 to
MT (67%) (Anderson and Martin, 2002), but is different from
the V1 to MT projection, which forms significantly fewer spine
synapses (54%) (Anderson et al., 1998) due to some large bou-
tons that form multiple somatic synapses. The projection from
Figure 11. Two-dimensional projection of the reconstructed postsynaptic densities found on the spines and dendrites postsynaptic to labeled boutons in layer 1 of area V1 from thin axon (A) and
thick axon (B). The densities are ordered by increasing surface area. Scale bar, 1 !m.
Figure 12. Histogram showing the distributions of postsynaptic areas (in square microme-
ters) formed with spines and dendrites by labeled V1 boutons in layer 4 of V2.
Figure 13. Histograms of the distributions of postsynaptic density areas (in square mi-
crometers) formed by labeled V2 boutons in superficial layers of V1. Shown are thin axon (black,
n " 44), thick axon (white, n " 61), and layer 3 pyramidal cells (gray, n " 27).
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V2 to V1 also targeted mainly spines (84% and 77% for the two
axons) in layer 1, which is its primary layer of innervation. These
targets are comparable to the projection to layer 1 in the V4 to V2
pathway (75%) (Anderson and Martin, 2006). This is different
from the rat, where the ascending projection from primary visual
cortex to extrastriate cortex formed 90% of its synapses with
spines, while the descending projection formed 98% of its syn-
apses with spines (Johnson and Burkhalter, 1996). Our results for
putative GABAergic targets (V1 to V2 and V2 to V1; !14%).
The pattern of projection of V2 to V1 resembles that of V4 to
V2 (Anderson and Martin, 2006) in that two morphologically
distinct axons stream through layer 1. The most common in the
V4 to V2 projection were axons with boutons (many terminaux)
covering the entire length of axon. A second, rarer morphology
was that of thicker axons and boutons (mostly en passant) ar-
ranged in discrete grape-like clusters. Both these distinct axon
morphologies appear in descending pathways [e.g., V4 to V2
(Anderson and Martin, 2006) and area TE to TEO (Suzuki et al.,
2000)], and functionally they are likely to have different roles,
since it seems likely that different cell types would be the source of
such different axon morphologies, as is evident for the local axon
collaterals in cat and monkey (Martin and Whitteridge, 1984;
Anderson et al., 1993).
The asymmetric relationship between V1 and V2
V1 is at the root of the tree of visual cortical areas, and so we are
not surprised that cooling V1 eliminates all activity in V2 (Girard
and Bullier, 1989). However, on the basis of the comparable mag-
nitudes of the projection between V1 and V2 (Barone et al., 2000;
Kennedy et al., 2000), we would not predict that inactivating V2
would have a negligible effect on most V1 neurons, but it does
(Hupé et al., 2001), even though electrical stimulation showed
that V2 neurons can activate V1 neurons with similar latencies to
the activation of V2 by V1 neurons (Girard et al., 2001).
Thus, although V1 and V2 are very tightly coupled, the asym-
metry of their physiological influence on one another is pro-
found. However, our structural data challenges the notion that
the marked difference in their effects can be explained on the
basis of fundamental differences in axonal morphology and syn-
apse size or target. Thus, instead of tackling the general question
posed by Bullier (2006), “What is fed back?” we can try to answer
the simpler question of what factors other than numbers of syn-
apses or their physiology might explain this asymmetry of effect
between V1 and V2.
In our studies of the long-distance projections in cat and mon-
key, we have been struck by the small numbers of synapses they
provide to their target areas (Anderson et al., 1998; Latawiec et al.,
2000; Anderson and Martin, 2002, 2005, 2006). The largest pro-
jection we have seen numerically is from the lateral geniculate
nucleus, which provides only 10% of the excitatory synapses in
layer 4 (and "1% of all excitatory synapses in area 17). Of course,
theoretically, if there is the strong constraint of minimizing wir-
ing, whether in brains or silicon chips (Mead, 1989), long-
distance connections should be reduced to the minimum.
However, there are perils in wire minimization: in simulations
with a biophysically realistic model of spiny stellate cells in
layer 4 (Banitt et al., 2007), we discovered that even with op-
timally oriented stimulation, additional “background” excita-
tion is required to depolarize the cells sufficiently to enable the
small modulated LGN inputs to drive the cells to spike. At non-
optimal orientations, the unmodulated excitation from the LGN
did not reach threshold. This resembles stochastic resonance.
Such observations have led us to propose that the brain does
attempt to minimize wire and adds a second important con-
straint: time. To drive a neuron to threshold, sufficient excitation
must arrive within a narrow temporal window. We summarized
these two constraints as “just-enough, just-in-time” (Douglas
and Martin, 2007).
We can now offer a different interpretation of the structural
and functional relationship between V1 and V2. Our hypothesis
Figure 14. A, Histogram of the synaptic targets of labeled V1 boutons in area V2. Spine n #
91, dendrite n # 34, soma n # 1. B, Histogram of the synaptic targets of the boutons of two
labeled V2 axons in layer 1 of area V1 and a group of labeled synapses in layers 1 and 2/3 of V1
from superficial layer 3 pyramidal cells in V2. For the thin axon, n # 44, and for the thick axon,
n # 61. For the group of V2-labeled layer 3 cell boutons in V1, n # 60.
Figure 15. A, Histogram of the number of synapses formed per labeled V1 bouton in layer 4
of area V2. B, Histogram of the number of synapses formed per labeled V2 bouton in superficial
layers of area V1.
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is that differential effects seen with inactivation are not because of
synaptic numbers and/or synaptic location or physiology, but
simply because V1 provides V2 with a much tighter temporal
window of excitation than V2 does V1, at least most of the time.
As with the analogy of the orientation model, the more tempo-
rally dispersed input from V2 to V1 can be effective in assisting a
second modulated input to be effective, but itself is subthreshold
and invisible to an extracellular electrode. However, some stimuli
might evoke similarly short epochs of excitation in V2 and so
enable it to evoke spikes in V1 neurons. Thus, the rigid feedfor-
ward and feedback pathway is substituted by a more dynamic
interaction where the direction of effective action depends on the
stimulus being processed. This hypothesis accounts for the ob-
served functional asymmetry seen between areas, and may be a
general principle of cortical wiring and operation. Importantly, it
is experimentally testable.
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Pathways of Attention: Synaptic Relationships of Frontal Eye
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The frontal eye field (FEF) of the primate neocortex occupies a pivotal position in the matrix of inter-areal projections. In addition to its
role in directing saccadic eye movements, it is the source of an attentional signal that modulates the activity of neurons in extrastriate and
parietal cortex. Here, we tested the prediction that FEF preferentially excites inhibitory neurons in target areas during attentional
modulation. Using the anterograde tracer biotinylated dextran amine, we found that the projections from FEF terminate in all cortical
layers of area 46, lateral intraparietal area (LIP), and visual area V4. Axons in layer 1 spread extensively, those in layer 2/3 were most
numerous, individual axons in layer 4 formed sprays of collaterals, and those of the deep layers were the finest caliber and irregular. All
labeled synapses were the typical asymmetric morphology of excitatory synapses of pyramidal neurons. Dendritic spines were the most
frequent synaptic target in all areas (95% in area 46, 89% in V4, 84% in LIP, 78% intrinsic local FEF). The remaining targets were one soma
and dendritic shafts, most of which showed characteristics of inhibitory neurons with smooth dendrites (5% of all targets in area 46, 2%
in V4, 9% in LIP, and 13% in FEF).
Introduction
The prefrontal cortical area of the frontal eye field (FEF) (area
8A) occupies a pivotal position in the primate visual system. Al-
though best known for its key role in eye movements (Ferrier,
1874; Robinson and Fuchs, 1969; Schiller et al., 1979; Goldberg
and Bushnell, 1981), FEF is also implicated in working mem-
ory (Balan and Ferrera, 2003), decision-making (Ferrera et al.,
2009), and mechanisms of attention (Moore and Fallah,
2001). Attention has been shown to enhance oscillatory activ-
ity originating in FEF (Buschman and Miller, 2009) and the
coupling between FEF and area V4 (Gregoriou et al., 2009).
Electrical stimulation of FEF in monkeys drives attention-like
changes in receptive fields in extrastriate cortex, modulates atten-
tional performance, and modulates the blood oxygen level-derived
(BOLD) signal across a wide swathe of visual areas (Moore and
Fallah, 2004; Armstrong et al., 2006; Armstrong and Moore,
2007; Ekstrom et al., 2008). In humans, transcranial magnetic
stimulation of FEF modulates the BOLD signal in the visual cor-
tex (Ruff et al., 2006).
Neurons in V4 increase their firing when the monkey attends
to a stimulus within their receptive fields (Luck et al., 1997; Mc-
Adams and Maunsell, 1999, 2000; Reynolds et al., 1999, 2000).
Mitchell et al. (2007) found that presumed inhibitory neurons
show larger attention-dependent increases in firing rates than do
presumed excitatory neurons. Hussar and Pasternak (2009) re-
ported similar biases for presumed inhibitory neurons in the ef-
fects of attention in area 46, which is monosynaptically connected
to FEF (Barbas and Mesulam, 1981; Huerta et al., 1987; Barbas
and Pandya, 1989; Stanton et al., 2005). Inhibitory neurons have
also been implicated in the strong suppression effects of distrac-
tors on area 46 neurons (Lennert and Martinez-Trujillo, 2011).
There is, however, a gap in our knowledge about the anatom-
ical pathways whereby FEF exerts its effects on visual areas (Kay-
ser and Logothetis, 2006). The most direct and likely route is the
monosynaptic connection from the FEF to the posterior parietal
and the occipital lobe (Huerta et al., 1987; Stanton et al., 1995),
including area V1 (Clavagnier et al., 2004), V2 (Markov et al.,
2011), and V4 (Stanton et al., 1995; Barone et al., 2000). In the
occipital lobe, the earliest and strongest effects of the attentional
signal are seen in V4, with progressively later and lesser effects in
V2 and V1 (Buffalo et al., 2010).
For the inhibitory neurons to be activated differentially from
their neighboring excitatory cells under the conditions of an at-
tentional signal, their excitatory input must shift from local
sources (Binzegger et al., 2004) to external sources, such as the
inter-areal connections or the thalamus. This requires that pro-
jections from the source of the attentional signal, in this case FEF,
strongly target inhibitory neurons. We tested this prediction by
defining quantitatively the synaptic targets of FEF projections to
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V4, area 46, and lateral intraparietal area (LIP). Our data support
the null hypothesis: in all areas we found that the overwhelming
majority of targets were the spines of excitatory pyramidal cells,
not putative inhibitory neurons.
Materials and Methods
The material presented here was taken from two adult female cynomol-
gus monkeys (Macaca fascicularis) and one adult female rhesus monkey
(Macaca mulatta). Animal treatment and surgical protocols were per-
formed in accordance with the guidelines of the Direction départemen-
tale de services vétérinaires du Rhône and the Kantonal Veterinaeramt of
Zurich (the experimental protocols for the project “Microcircuits of
Neocortex” were approved by the Kantonal Veterinaeramt of Zurich,
which issued the license numbers 50/3002 and 50/2003 to K.A.C.M.).
Animals were prepared for surgery after intramuscular premedication
with Largactil (0.5 ml), atropine (1.25 mg), and dexamethasone (4 mg),
followed by ketamine hydrochloride (20 mg/kg) or ketamine hydrochlo-
ride (10 mg/kg) and xylazine (0.5 mg/kg), followed by alphaxalone/alph-
adalone (Saffan). Anesthesia was continued with halothane in N2O and
O2 (70:30). The following procedures are similar to those used by Ander-
son and Martin (2002).
Two animals received pressure injections of the neuronal tracer bio-
tinylated dextran amine (BDA) (Invitrogen) as a 10% solution in 0.01 M
PBS, pH 7.4, using a Hamilton syringe. One of these animals received two
injections into ventrolateral FEF (lateral area 8) of each hemisphere. The
second of these animals received four injections into dorsomedial FEF
(medial area 8) of one hemisphere and three injections into ventrolateral
FEF (lateral area 8) of the other hemisphere. The location of area 8/FEF
was determined using recognizable landmarks (Fig. 1).
After a 14 d survival period, the animals were very deeply anesthetized
with pentobarbital (20 mg/kg, i.v.) and then perfused transcardially with
a normal saline solution, followed by a solution of 4% paraformaldehyde,
0.3% glutaraldehyde, and 15% picric acid in 0.1 M phosphate buffer (PB),
pH 7.4. To explore the local projections within FEF, the third animal
received small iontophoretically delivered injections of BDA into the
superficial layers of FEF (area 8L) using !1 !A for 10 –30 s. The tip
diameter of the delivery pipette was from 0.02 to 0.04 !m. The animal
was maintained under general anesthesia for 30 h and then perfused as
above. The brain was removed and blocks of cortex containing the injec-
tion site and areas 46, V4, and LIP were taken. The block was cryopro-
tected by sinking in sucrose solutions of 10, 20, and 30% in 0.1 M PB, then
freeze-thawed in liquid nitrogen and washed in 0.1 M PB. Sections were
cut from the block at 80 !m in the coronal plane and collected in 0.1 M
PBS. We used standard procedures to reveal the neuronal tracers. In brief
outline, washes in PBS were followed by 10% normal swine serum (NSS)
in PBS (1 h). Further washes in NSS preceded overnight exposure (5°C)
to an avidin-biotin complex (Vector Laboratories ABC kit Elite). The
peroxidase activity was identified using 3,3"-diaminobenzidine tetrahy-
drochloride (DAB) with nickel intensification. After assessment by light
microscopy, selected regions of tissue were treated with 1% osmium
tetroxide in 0.1 M PBS. Dehydration through alcohols (1% uranyl acetate
in the 70% alcohol) and propylene oxide allowed flat mounting in Dur-
cupan (Fluka) on glass slides. Some non-osmicated sections were Nissl-
stained with cresyl violet to identify cortical laminae.
Light microscopic observations of labeled axons were performed to
locate and select regions of interest for electron microscopy. We recon-
structed groups of collaterals over one or two sections to show the general
pattern of innervation and to locate individual collaterals in specific lam-
inae. This was followed by correlated light and electron microscopy.
Serial ultrathin sections at 40 or 60 nm thickness were collected on
Pioloform-coated single-slot copper grids. Labeled boutons were photo-
graphed at a magnification of 21,000#. Synapses and associated struc-
tures were classified using conventional criteria (Peters et al., 1991).
Collections of serial sections were digitized, reconstructed, and measured
using Reconstruct (Fiala, 2005). We used the “rare event systematically
optimized random sampling” (RESORS) physical disector method (da
Costa et al., 2009) for counting rare events, to estimate the proportion of
labeled synapses. Adobe Photoshop CS and Adobe Illustrator CS were
used to prepare digital photomicrographs and enhance image contrast.
Results
Light microscopy
Both female cynomolgus monkeys (Macaca fascicularis) received
pressure injections of BDA into area 8A (FEF) in a crescent along
the anterior edge of the arcuate sulcus, medial and lateral to a
caudal projection of the principal sulcus (Fig. 1). The needle
passed vertically through the lip of the arcuate sulcus, down its
anterior bank, labeling cells to the fundus of the sulcus through all
layers of cortex. In one animal, two 0.5 !l pressure injections
were made into each hemisphere along the lip of the arcuate
gyrus, lateral to the caudal projection of principal sulcus, de-
scribed as area 8A/45 border (Saleem and Logothetis, 2007). This
region is generally accepted as the lateral portion of the FEF. In
the second animal, three 0.2 !l injections of BDA were made into
the lateral area 8A of one hemisphere, and in the other hemi-
sphere, four injections were made along the lip of the arcuate
sulcus, medial to the caudal projection of the principal sulcus.
Lateral injections had BDA label more confined to the lateral
regions of the area 8, whereas the medial injections, because they
descend vertically, resulted in more extensive labeling of area 8.
The BDA label around the injection sites spread over $1 mm in
the case of the larger injection volumes and !0.5 mm for the
smaller injections. The regions nearest to the penetration were
diffusely labeled with a penumbra of scattered and dispersed py-
ramidal cells. Pressure injections were all confined to the gray
matter, and the BDA label could be seen in all laminae, which
made it impossible to identify the precise laminar location of the
cells of origin of the projecting axons.
A third monkey (rhesus, Macaca mulatta) received small ion-
tophoretic injections into layer 2/3 of lateral area 8A. Each ionto-
phoretic injection labeled a small cluster of !5–10 labeled
neurons in layer 2/3. Most of the labeled cells were pyramidal.
Occasionally, a cell with smooth dendrites and lacking an apical
dendrite was found amid the tangle of spiny cells. Myelin is a
Figure 1. Location of injection sites and labeled boutons. A–D, Schematic drawing of a
macaque brain (A) showing cortical areas V4 (left, dark gray), LIP (middle, gray), and area 46
(right, light gray). Also shown are schematic sections made in the coronal plane through the
following: tip of prearcuate gyrus (dotted line), shown in B (as, arcuate sulcus); dorsal prelunate
area (dashed line, left), shown in C; and prefrontal cortex (dashed line, right), shown in D. The
injection sites in FEF are indicated in B (arrows). Labeled boutons were taken (curved arrows, C,
D) from areas LIP, V4, and 46, as well as the FEF injection site area. Small axes, L, lateral; D,
dorsal.
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barrier to the penetration of the reagents,
and thus axons were stained only at their
cut ends, nodes, or branch points from
where the collaterals emerged.
In the pressure-injected animals, an-
terogradely labeled axonal arbors were
found in extrastriate visual areas and
prefrontal cortex as well as the STS, intra-
parietal sulcus, and postcentral gyrus.
Pale-stained somata of deep and superfi-
cial layer neurons were occasionally seen,
due to weak retrograde transport of the
BDA. They had a very lightly scattered,
grainy reaction-product within the cell
soma, but their dendrites and axon collat-
erals were not labeled. The small ionto-
phoretic injections labeled local neurons,
but not other cortical areas. Most of the
labeled axons were seen in the immediate
vicinity of the labeled cell bodies. More
distal boutons were rarely seen and were
not examined in the electron microscope.
V4, area 46, and LIP
Labeled axons and their terminals were
found in all layers of areas V4 (Fig. 2), area
46, and LIP. Fibers entered from the white
matter and projected upward to the pial
surface. The path of the projection was
radial and oblique and spread over large
areas of cortex. Bouton-rich collaterals
formed in all layers. Sometimes a thicker
fiber traversed through a particular lam-
ina, sending out fine collaterals that radi-
ated or even descended when in layers 4, 5,
and 6, and when in layer 2 and 3, climbed
to layer 1. Layer 1 had long, horizontally
projecting axons that occasionally
dropped collaterals down into layers 2 and 3. The fine horizontal
fibers of layer 1 and the fibers that descended to layers 2 and 3
showed bouton-like swellings that were later demonstrated by
electron microscopy to be synaptic. However, the thicker hori-
zontal axons in layer 1 had fewer swellings, many of which proved
to be nonsynaptic in the electron microscope. These fibers were
intermittently myelinated, and so they appeared and disappeared
from view in the light microscope as the penetration of the re-
agents varied. This description of the overall LM appearance ap-
plies equally to areas 46, LIP, and V4.
In addition to the general features described above, we found
some variations in the patterns of innervation. For example, in
V4, layer 4 was innervated in only one of the two pressure-
injected animals. Terminal boutons were found in all laminae of
LIP in one hemisphere of one animal, while in the second ani-
mal, the densest boutons were predominantly in deep and super-
ficial layers, although at the fringes of the densest innervation,
layer 4 did contain boutons. The densest labeling of boutons in
LIP was consistently in layers 1 and 2. We could not relate these
variants to differences in the location of our pressure injection
sites. For example, after injections in lateral FEF in one animal,
there were labeled boutons in all layers including 4 of V4, but
despite similar injection locations in the other hemisphere, la-
beled boutons appeared in all layers except layer 4.
Electron microscopy
To provide a convincing test of the hypothesis that smooth neu-
rons were the principal target of the FEF projection, we examined
a total of 555 boutons (158 in V4, 195 in LIP, 202 in area 46). Of
this sample, 395 single boutons were serially sectioned and com-
pletely reconstructed so that the area of the postsynaptic density
(PSD) could be measured. The remaining 53 boutons were not
sufficiently complete for quantification of their synapses, but
were used in the assessment of synaptic targets. Altogether, we
examined 120 boutons from layer 1, 166 from layer 2/3, 125 from
layer 4, and 144 from layer 5/6. All the synapses formed by labeled
boutons were asymmetric (Gray’s type 1), which is typical of
pyramidal cell axons.
The reaction end-product was electron dense, though its in-
tensity varied between boutons. Synaptic vesicles and mitochon-
dria were clearly visible within the boutons, and occasional
boutons contained vacuoles (Fig. 3; see Figs. 5, 7B). Most boutons
were small (!0.5 !m), although the sample showed a consider-
able range of sizes. The labeled boutons were filled with synaptic
vesicles and usually contained at least one mitochondria, and a
clear density was seen postsynaptically.
Synaptic targets were identified using standard ultrastructural
criteria (Peters et al., 1991). Serial sections through the bouton
and its synaptic target assisted greatly in the identification of the
target type. The majority of targets were spines (89%); the re-
Figure 2. Light microscopic reconstruction of BDA-labeled terminals and their boutons in area V4. The reconstruction is com-
posed from two adjacent 80-!m-thick sections. Laminae and their boundaries are indicated to the left. Scale bar, 100 !m.
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mainder were dendritic shafts, and only 1 soma. We recon-
structed complete postsynaptic spines to discover whether they
formed a second synapse, but following the thin spine neck back
to its parent dendrite often proved impossible. Approximately
2% of the reconstructed spines received a second synapse from an
unlabeled bouton. The second synapse was always identified as a
symmetric (Gray’s type 2) synapse. Dendrites often contained
mitochondria or microtubules, making their identification rela-
tively simple.
Layer 1 boutons were relatively easy to locate in V4, area 46,
and LIP (Fig. 3; see Figs. 6A,B, 9A), as the axons often traversed
the lamina horizontally. In layer 1 we examined 35 boutons in V4,
45 in area 46, and 40 in LIP. Spines were the most frequent target
(V4, 86%; area 46, 96%; LIP, 93%). We pooled the boutons from
layers 2 and 3 (Fig. 4). We selected 55 boutons from V4, 58 from
area 46, and 53 from LIP. Samples from V4 and area 46 showed
spines to be 92% of targets and in LIP, 89%. The remainder were
dendritic shafts.
Boutons in layer 4 proved more difficult to obtain than in
other layers. The lamina was thin (!100 !m) and made the
accurate verification of the boutons’ location critical in order not
to misidentify the lamina location of the boutons. Only one ani-
mal provided boutons from layer 4 of V4 (Fig. 5A); the second
animal provided no equivalent material in osmicated tissue. In
the non-osmicated sections, a few axon collaterals could be seen
that lay on the layer 3– 4 border and passing through layer 4, but
most were not bouton bearing. For the layer 4 samples, we sec-
tioned 21 boutons (86% spines) from V4, 46 boutons from area
46 (96% spines) (see Fig. 7A), and 58 boutons from LIP (78%
spines) (see Fig. 9).
It was also difficult to harvest boutons from layers 5 and 6,
because the axons were very fine and scattered, sometimes more
densely in layer 5 and sometimes more in layer 6. We examined
47 boutons from V4, 53 from area 46, and 44 from LIP (Fig. 5A;
see Figs. 7B, 9). Spines were the predominant target, 92% in V4,
95% in area 46, and 81% in LIP. The only somatic synapse to be
formed with a labeled bouton came from this sample, taken from
area 46 (see Fig. 7B). All other synapses were formed with den-
dritic shafts (see Fig. 8). In FEF itself, we sampled boutons taken
near somata labeled by the small iontophoretic injections. All 82
boutons we examined were located in layers 2 and 3. Spines were
the predominant target (78%) and the remainder were dendritic
shafts.
Axons of all areas were sometimes myelinated (Fig. 6D), and
the largest caliber axons were up to 0.7 !m in diameter. The
majority of myelinated axons were !0.5 !m in diameter, and
regardless of diameter, most axons bore a 0.1-!m-thick sheath of
myelin. The collaterals bearing boutons were very fine, and some-
times the label was intermittent in the finest axons (!50 nm).
Spines
Serial sectioning and reconstruction helped with the identifica-
tion of synaptic targets (see Fig. 10). We also used standard ultra-
structural characteristics to classify targets (Peters et al., 1991).
Spines could be identified by their small size; their heads often
contained spine apparatus, and they were filled with pale and
fluffy cytoplasm. The spine neck was often too thin and tortuous
to follow for any distance, although occasionally it could be
traced back to a parent dendrite (Figs. 3, 4, 7A; see Fig. 9A). Rarely
did a spine form a second synapse, and when it did occur, it was
always a symmetric synapse (Fig. 5A). The dual input spines con-
stituted 2.5% of spines in V4, 2% of spines in area 46, and 3.5% in
Figure 3. Electron micrograph of BDA-labeled bouton located in layer 1 of area V4. A labeled
bouton forms an asymmetric synapse (solid arrowhead) with a spine (sp1) that can be traced
back to the parent dendrite (d). A second spine (sp2) can be seen to connect with the same
dendritic shaft (d). Scale bar, 0.5 !m.
Figure 4. Electron micrograph of BDA-labeled axon and boutons located in layer 2/3 of area
V4. The boutons form asymmetric synapses (solid arrowheads) with spines (sp1 and sp2). One of
the synapse-bearing spines (sp1) can be traced back to the large dendrite (d). The second spine
(sp2) was not connected to the dendrite, and a third spine (sp3) just begins to emerge from the
large dendrite (d). Scale bar, 0.5 !m.
Figure 5. Electron micrographs of BDA-labeled boutons located in layers 4 and 5/6 of area
V4. A, A labeled bouton in layer 4 forms an asymmetric synapse (solid arrowhead) with a spine
(sp). The spine also forms a symmetric synapse (small arrow). B, A labeled bouton in layer 5/6
forms two asymmetric synapses with spines (sp). Scale bars, 0.5 !m.
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LIP. In the small iontophoretic injection sites in layer 2/3, 6.25%
of spines showed dual input.
Dendrites
Dendritic shafts represented only a small proportion of the syn-
aptic targets: 13% in V4, 5% in area 46 (Fig. 8), 16% in LIP, and
22% in FEF. Typically, excitatory cells have spiny dendrites that
contain few mitochondria and form few synapses on their den-
dritic shafts. In contrast, the dendrites of inhibitory cells are spine
free or smooth, contain numerous mitochondria, and form rela-
tively more synapses on the shaft. They may also have widely
variable diameter over their length. Dendrites with these charac-
teristics contain !-aminobutyric acid (GABA) and are GABAer-
gic (Somogyi et al., 1983; Peters and Saint Marie, 1984; Kisvárday
et al., 1985; Ahmed et al., 1997). The majority of dendritic shafts
were small in diameter (!0.5 "m or less), and serial sections were
usually required to characterize neurons as smooth or spiny. On
the basis of the established criteria, most of the target dendritic
shafts originated from smooth, putative GABAergic neurons.
The dendritic shaft targets of intrinsic FEF synapses formed
13.4% (11 of 82) of all targets. Of these, 61% (11 of 18) were
smooth and GABAergic in appearance. In area 46, all of the den-
dritic shafts (100%) were of smooth GABAergic neurons (4.8%
Figure 7. Electron micrographs of BDA-labeled boutons in layer 4 and 5/6 of area 46. A, A
labeled bouton forms an asymmetric synapse (solid arrowhead) with a small spine (sp) in layer
4. The spine (sp) can be traced back to the parent dendrite (d). B, A labeled bouton forms an
asymmetric synapse (solid arrowhead) with a neuronal soma (sm) in layer 5/6 that also forms a
second asymmetric synapse (small arrow) with an unidentified bouton. The soma forms numer-
ous asymmetric synapses and contains many perikaryal organelles and rough endoplasmic
reticulum. These features are characteristic of neurons with smooth dendrites that are GABAe-
rgic. Scale bars, 0.5 "m.
Figure 6. Electron micrographs of BDA-labeled axons and synaptic boutons in layers 1 and
2/3 of area 46. A, A labeled bouton forms an asymmetric synapse (solid arrowhead) with a small
spine (sp) in layer 1. B, A labeled bouton forms a perforated asymmetric synapse (solid arrow-
heads) with a medium-sized spine (sp) in layer 1. C, A labeled bouton terminal forms an asym-
metric synapse (solid arrowhead) with a small spine (sp) in layer 2/3. The labeled bouton can be
traced back to the main axon. D, A labeled bouton en passant forms an asymmetric
synapse (solid arrowhead) with a small spine (sp) in layer 2/3. The bouton forms part of
the path of the labeled axon (ax) and emerges from an interruption in the myelin sheath
(m). Scale bars, 0.5 "m. Figure 8. Electron micrographs of a BDA-labeled bouton in layer 2/3 of area 46. The labeled
bouton forms an asymmetric synapse (solid arrowhead) with a dendritic shaft (d). The dendrite
was seen to contain numerous mitochondria and forms asymmetric synapses with unidentified
boutons in subsequent sections. These features are characteristic of neurons with smooth den-
drites that are GABAergic. Scale bar, 0.5 "m.
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of all targets), 22% in V4 (2.4% of all targets), and 55% in LIP
(8.5% of all targets). One of the area 46 target dendrites of layer 1
forming multiple asymmetric shaft synapses also bore a synaptic
spine. We have noted this unusual configuration previously
among the profiles of layer 1, and this is probably a characteristic
of GABAergic neurons of layer 1.
Somata
Only one synapse was formed with a soma, which was located in
layer 5 of area 46 (Fig. 7B). Although the profile of the soma was
very small in our series of sections (a section through the edge of
the soma), there were enough features to classify the neuron as
GABAergic. There were numerous asymmetric synapses formed
with unidentified boutons, and the cytoplasm was filled with
rough endoplasmic reticulum and perikaryal organelles, which
are characteristic features of GABAergic neurons (Somogyi et al.,
1983).
Postsynaptic density. Reconstructing the boutons and their
targets gave us the opportunity to measure the area of the com-
plete PSD (see Fig. 11). We have used this technique previously to
obtain values for the surface area of synapses (Anderson et el.,
1998; Anderson and Martin, 2002, 2005, 2006, 2009). By focusing
on the PSD rather than the presynaptic membrane, we avoided
the difficulties that details might be obscured by the reaction
end-product in the presynaptic bouton. Due to the small num-
bers of dendritic synapses, we confined our comparisons between
the distributions of synaptic areas to synapses made by spines.
There were relatively few significant differences seen between
those spinous synapses made in different areas or different lam-
inae. The range of synaptic areas on spines (!0.07– 0.13 !m 2)
was similar to those of previous studies of inter-areal connections
(Anderson et al., 1998; Anderson and Martin, 2002, 2005, 2006,
2009). The areas of layer 1 PSDs were consistently the largest and
those from layers 4 and 5/6 consistently the smallest. Within V4,
PSD areas showed no significant laminar differences with the
exception of layer 1 synapses (mean " 0.103 !m 2, SEM " 0.012),
which were larger ( p " 0.09, two-tailed t test) than those of layer
4 (mean " 0.078 !m 2, SEM " 0.007). In area 46, both layer 1
synapses (mean " 0.098 !m 2, SEM " 0.008) and synapses lo-
cated in layers 2 and 3 (mean " 0.082 !m 2, SEM " 0.005) had
significantly larger PSDs ( p " 0.0005 and 0.04, respectively, two-
tailed t test) than did synapses of layer 4 (mean " 0.067 !m 2,
SEM " 0.005). The PSDs of LIP synapses showed the most sig-
nificant differences. Layer 1 PSDs were significantly larger
(mean " 0.131 !m 2, SEM " 0.014) than those of synapses in
layers 2 and 3 (mean " 0.095 !m 2, SEM " 0.007, p " 0.020),
layer 4 (mean " 0.075 !m 2, SEM " 0.007, p " 0.0006), and layer
5/6 (mean " 0.075 !m 2, SEM " 0.005, p " 0.0004, two-tailed t
test). PSDs from layer 2/3 were just significantly larger than those
of layer 4 ( p " 0.050, two-tailed t test) and layer 5/6 ( p " 0.030,
two-tailed t test). When comparing the PSD sizes of synapses
between areas, the only significant difference came from the la-
beled synapses of layer 1 in LIP, which had slightly larger PSDs
than those of area 46 (mean " 0.098 !m 2, SEM " 0.002, p "
0.030, two-tailed t test). Labeled spine synapses from the two
superficial layer iontophoretic injection sites showed no differ-
ences in PSD sizes and so were pooled (mean " 0.139 !m 2,
SEM " 0.012).
Synapses formed with dendritic shafts were few and had con-
sistently smaller PSDs (V4: 0.073 !m 2, SEM " 0.015; area 46:
0.074 !m 2, SEM " 0.006; LIP: 0.076 !m 2, SEM " 0.010) than
the spine synapses (V4: 0.089 !m 2, SEM " 0.004; area 46: 0.09
!m 2, 0.007; LIP: 0.095 !m 2, SEM " 0.005). When pooled, the
PSDs of dendritic synapses of V4, area 46, and LIP were not
significantly different from one another. However, on target den-
dritic shafts of putative GABAergic cells (n " 11), the mean size of
the PSDs (n " 36; 0.068 !m 2, SEM " 0.006) formed by the FEF
boutons was significantly larger than that of PSDs formed by
unlabeled boutons on the same dendritic shafts (n " 39; 0.045
!m 2, SEM " 0.003; Wilcoxon rank p " 0.003).
Viewed en face, the shape of the PSD was a simple disc, or
doughnut, or horseshoe shaped. In single sections these latter
synapses appear to be perforated. They were more frequently
formed with spines than dendritic shafts (Fig. 6B). Similar obser-
vations were made in the study of synapses made by reciprocal V1
and V2 boutons, V1 and V2 afferent boutons in area MT, V2
afferent boutons in area V3A, and V4 afferent boutons in V2
(Anderson et al., 1998; Anderson and Martin, 2002, 2005, 2006,
2009).
Target types. Spines were the dominant target in all layers and
all areas (Figs. 3–7A, 9; see Fig. 12). A slightly higher proportion
of spine synapses was found in area 46 (95%) than in V4 (89%),
LIP (84%), or FEF (78%). Within each cortical area there were
also differences in the proportion of synapses formed with spines
and dendrites in respective laminae. The range of numbers of
spine synapses across different laminae was 92–96% for area 46,
84 –92% for V4, and 78 –93% for LIP. The remaining targets were
dendritic shafts. Of these, smooth GABAergic neurons provided
the majority of the dendritic shaft targets in LIP (55%) and FEF
(61%), respectively, all of those in area 46 (Fig. 8), and 22% of
those in V4.
Serial reconstructions indicated that most boutons made only
one synapse and only rarely made two or more synapses (Fig. 5B;
Figure 9. Electron micrographs of BDA-labeled boutons in layers 1, 2/3, 4, and 5/6 of area
LIP. A, A labeled bouton of layer 1 forms an asymmetric synapse (solid arrowhead) with a large
spine (sp) that can be followed back to the parent dendrite (d). B, A labeled bouton in layer 2/3
forms an asymmetric synapse (solid arrowhead) with a large-diameter dendritic shaft (d). The
dendrite formed asymmetric synapses with unidentified boutons and contained numerous
mitochondria. These features are characteristic of neurons with smooth dendrites and that are
GABAergic. C, A slender, labeled bouton in layer 4 forms a perforated synapse (solid arrowhead)
with a spine (sp). D, A vesicle-packed labeled bouton in layer 5/6 forms a synapse (solid arrow-
head) with a spine (sp). Scale bars, 0.5 !m.
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see Fig. 13). On average, there were 1.05 synapses per labeled
bouton, both for V4 and area 46, and 1.03 in LIP. Exceptionally,
a bouton might form three or even four synapses, each on a
different target dendrite. A single bouton that formed four syn-
apses was found in layer 5/6 of area 46. The multisynaptic bou-
tons tended to have larger than average diameters, up to 1 !m.
We have rarely encountered multiple synapses formed on a
target dendrite by the same axon. This may be simply due to the
short lengths of dendrite that can be followed in serial electron
microscopy. However, from detailed LM observations, we iden-
tified one possible multisynaptic configuration. In the light
microscope we followed an unbranched axon, which passed
through layer 2/3 of V4, covering a distance of !400 !m within a
single section and showing few features, other than the occasional
bouton terminal. At one point, however, it produced a spray of
fine bouton terminals over a very limited length of axon (11 !m).
At the EM level, the cluster of labeled boutons was found to form
synapses with 21 spines and one small-diameter dendrite. One
bouton did not form a synapse (Fig. 10). Eleven target spines were
followed back to a large-diameter (!2 !m), radially oriented
dendrite. The dendrite contained many microtubules and few
mitochondria, and formed numerous synaptic spines and very
few dendritic shaft synapses, but it could not be traced back to
a parent soma. These ultrastructural features are characteristic
of the apical dendrite of a large layer 3 or layer 5 pyramidal cell
(Fig. 10).
Synaptic density measurement
Using the RESORS method (da Costa et al., 2009), we estimated
the relative proportion of labeled synapses in LIP that appeared to
be the most densely innervated region we found after a tracer
injection in FEF. We developed this method to estimate accu-
rately synapse numbers when they were sparsely distributed. Pre-
viously, we sampled from an area that contained a labeled
synapse, which we recognized biased our sampling procedure.
Without this priming, however, we counted no labeled synapses
with standard physical dissector sampling. Using RESORS, this
bias is removed. We sampled at random from many (!1000)
small sites in layers 1 and 2 of LIP in one animal. We estimated
that only 0.16% of synapses in layer 1 were formed by labeled
boutons, despite the fact that in the light microscope it appeared
as the most densely labeled layer of LIP. In layer 2, the next most
densely innervated layer, this value fell to 0.04%.
Discussion
We have investigated the hypothesis that the attentional signal
from area 8A, or FEF, is transmitted by a monosynaptic connec-
tion from FEF neurons selectively to GABAergic neurons in areas
46, V4, and LIP. This hypothesis was originally proposed to
account for the observation that during attention, fast-spiking
neurons of areas V4 and 46 increase their firing relative to
regular-spiking neurons. Since the fast-spiking neurons are
thought to be putative GABAergic neurons of the parvalbumin
subtype (Mitchell et al., 2007), this selective activation of inhibi-
tion is consistent with normalization models of attention,
Figure 10. A, LM reconstruction of axon shown in B. B, Three-dimensional reconstruction of
BDA-labeled axon (red) in layer 2/3 of area V4 from serial ultrathin sections. The main trajectory
of the axon is right to left and is roughly orthogonal to the radially aligned large-caliber dendrite
(gray) (approximately 2 !m in diameter). The dendrite is spine bearing (also gray), and all
reconstructed spines formed a synapse (green). At the point of intersection of the dendrite and
the axon, the latter produces a flurry of mostly bouton terminals. Eleven of these labeled bou-
tons form synapses with spines coming from the reconstructed dendrite. Ten more of the la-
beled boutons formed synapses with spines (data not shown) that could not be traced back to
the large dendrite. One labeled bouton formed a synapse with a small dendrite and one formed
no synapse. The large dendrite shows many features characteristic of the apical dendrite of a
large pyramidal neuron. Scale bar (A): 12 !m.
Figure 11. Histograms of the distribution of postsynaptic areas (!m 2) formed with spines
and labeled FEF boutons in layers 1, 2/3, 4, and 5/6 of areas V4, 46, and LIP.
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which rely on divisive inhibition (Reynolds and Heeger,
2009), and with attention-dependent response synchroniza-
tion due to fast inhibition (Fries et al., 2001). However, our
data do not support the hypothesis that FEF has private lines
to the inhibitory circuits of its target areas. The data that led us
to this conclusion are as follows.
FEF projections excite mainly pyramidal cells in areas 46, V4,
and LIP
Our data indicate that FEF connects predominantly to pyramidal
cells in areas 46, V4, and LIP. The neurons of FEF that project to
V4, area 46, and LIP provide input to both superficial and deep
layer pyramidal cells. If anything, more spines are targeted (89%
in V4, 95% in area 46, 84% in LIP) than for most other pathways
we have examined (V1 to MT, 54%; V2 to MT, 67%; V2 to V3a,
76%; V4 to V2, V1 to V2, 72%; V2 to V1 84%; Anderson et al.,
1998; Anderson and Martin, 2002, 2005, 2006, 2009; see also
Rockland, 1997). Apart from one soma, the dendritic shafts of
smooth (putative GABAergic) and spiny neurons make up the
remaining targets of the FEF projection in roughly equal
proportion.
Significance of laminar specificity
Attentional signals are particularly prominent in V4, influencing
73% of recorded neurons according to the recent study by Buffalo
et al. (2010). FEF afferents are unusual in forming synapses in all
layers of V4. In addition, retrograde tracer studies show that the
projection from FEF to V4 arises mainly from superficial layer
cells, not the deep layer cells typically associated with “feedback”
projections (Barone et al., 2000; Pouget et al., 2009; Markov et al.,
2011). The FEF projection connections could excite neurons
weakly to provide a stochastic resonance-like mechanism that
biases the local circuits for top-down versus bottom-up saliency
(Baluch and Itti, 2011).
One difficulty with any explanation is quantitative: our previ-
ous estimates of inter-areal bouton density indicated that they
contribute only 2– 6% of excitatory synapses in their densest
patches of innervation (Anderson and Martin, 2002, 2005, 2006).
This is already low, but because we were able to eliminate the
sampling bias acknowledged in our previous studies (da Costa et
al., 2009), we find here that the unbiased densities are even lower,
!0.16% of excitatory synapses. This weak input to V4 is consis-
tent with the “weight” measured in terms of the number of FEF
neurons that contribute to the V4 projection. This weight value is
several orders of magnitude lower than that seen for the heaviest
cortical input and the thalamic input to V1 (Markov et al., 2011).
Such low values imply that the number of synapses FEF contrib-
utes to any target neuron is probably in single digits. The ques-
tion, then, is how the FEF projections come to be at all effective.
Figure 12. Histograms of the synaptic targets of labeled FEF boutons in layers 1, 2/3, 4, and
5/6 of areas V4 (147 spines, 19 dendrites), 46 (190 spines, 10 dendrites, 1 soma), and LIP (169
spines, 31 dendrites).
Figure 13. Histogram of the number of synapses formed per labeled FEF bouton in layers 1,
2/3, 4, and 5/6 of areas V4, 46, and LIP.
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Amplification via recurrent circuits?
The minimal excitatory input from FEF might be amplified by
local recurrent circuits in much the same way that the small tha-
lamic input is amplified in visual cortex. We found evidence for
such recurrent circuits within FEF itself, where pyramidal cells
connect mainly with other pyramidal cells (87%), the remaining
13% of synapses being with GABAergic neurons. This ratio is
typical of local cortical circuits: the sole exception is for area 9 of
macaque prefrontal cortex, where Melchitzky et al. (2001) re-
ported that pyramidal cells divide their local output equally be-
tween spines and GABAergic dendrites.
Recurrent circuits of excitatory and inhibitory neurons can
readily be configured to express a rich palette of computational
primitives, including amplification, signal restoration, and
decision-making (Douglas and Martin, 2004, 2007). Our biolog-
ically based model of FEF microcircuits (Heinzle et al., 2007)
exploits some of these computational primitives to compute a
saliency map in the middle layers and an attentional signal in the
superficial layers (whose pyramidal neurons provide the major
output to areas 46, LIP, and V4; Markov et al., 2011). Recent
recordings from FEF by Cohen et al. (2010) indicated that there is
an increased interaction between pairs of cells that are involved in
the attentional selection of a target embedded in distractors.
Their data are consistent with a soft winner-take-all operation in
which excitation between neurons with similar parameter pref-
erences is amplified, and those with dissimilar or competing pref-
erences are suppressed by inhibition (Douglas and Martin, 2004).
The role of these local circuits also goes some way to explain
the mismatch in the latency to the attention-driven changes. We
found that the FEF afferents were myelinated, even in the gray
matter, and thus the conduction time from FEF to V4, the most
caudal area we examined, is probably 10 –20 ms, in agreement
with indirect estimates of 8 –13 ms (Gregoriou et al., 2009),
whereas the latencies of attention are an order of magnitude lon-
ger (Buffalo et al., 2010). The explanation for this is probably the
time for recurrent processing in local circuits (Baluch and Itti,
2011).
Amplification by synapse strength?
The postsynaptic densities formed between FEF afferents and the
smooth dendrites of putative GABAergic neurons were larger
than the unlabeled asymmetric synapses formed on the same
smooth dendrites, albeit smaller than FEF synapses formed with
spines. The unlabeled asymmetric synapses, which were much
more numerous, presumably originated mainly from the recur-
rent collaterals of local pyramidal cells (Binzegger et al., 2004;
Markov et al., 2011). We assume that larger postsynaptic densi-
ties correlate with physiological strength, so the larger synapses
on GABAergic dendrites may partially compensate for the tiny
number of synapses delivered to V4 by FEF.
We found that synapses in the superficial layers were consis-
tently larger than those of layers 4, 5, and 6, although this differ-
ence was only significant in the case of LIP. The smallest synapses
were those in layer 4, though not significantly so. The largest
synapses were formed in layer 1, which might indicate that FEF
input to the pyramidal cells’ apical tufts in layer 1 evoke larger
EPSPs than synapses in other layers.
Amplification by apical dendrites?
The FEF afferents form synapses with the apical dendrites of py-
ramidal cells, and it is possible that this input is amplified by an
active calcium conductance in the apical dendrites of pyramidal
cells (Larkum and Zhu, 2002; Larkum et al., 2007). Our data also
indicated the existence, albeit rare, of a highly focused, multiple
synaptic innervation, as revealed by the 11 excitatory inputs from
a single labeled axon to one small region of a putative apical
dendrite in layer 2/3 of V4. It may be that this focused input to the
main shaft of the apical dendrite is also “just enough” (Douglas
and Martin, 2007) to have a consequence on spike output. Cer-
tainly, the probability of activating downstream neurons (Moore
and Fallah, 2004; Armstrong et al., 2006; Armstrong and Moore,
2007) or BOLD signal (Ruff et al., 2006) is increased by the highly
synchronized FEF output evoked by electrical or magnetic stimula-
tion, which effectively produces attention-like changes in neuronal
activity. However, Ekstrom et al. (2008) claim that the top-down
modulation only acts if there is also bottom-up activity.
Circuits of attention
To explain the effects of FEF on attention, there are two compet-
ing ideas. One is that attention increases the signal-to-noise ratio
(Tolhurst et al., 1983; McAdams and Maunsell, 1999; for review,
see Salinas and Sejnowski, 2001; Reynolds and Heeger, 2009; Bal-
uch and Itti, 2011), which could be achieved if the FEF neurons
synchronize their output and drive their target inhibitory neu-
rons more strongly and with less variance (Mitchell et al., 2007).
The other idea is that the attentional signal reduces the correla-
tion in the firing of the target neurons (Cohen and Maunsell,
2009; Mitchell et al., 2009), thus allowing the independent noise
contributed by individual neurons to be averaged out. In the first
case, the prediction is that the inhibitory neurons are more active
in reducing background noise. In the second case, where there is
decreased noise correlation, the prediction is that the inhibitory
influence is reduced (Cohen and Maunsell, 2009). Could we rec-
oncile these functional data with our structural data by supposing
that FEF drives selectively a disinhibitory circuit in V4? The an-
swer is no, for the reason that our structural data indicate that
most of the targets of the FEF projection are pyramidal cells,
whereas the functional data indicate that the principal change in
firing during attention occurs selectively in putative inhibitory
neurons (Mitchell et al., 2007). These yet unresolved puzzles
indicate how incomplete our understanding is of the wiring of
the inter- and intra-areal circuits that form the “pathways of
attention.”
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